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To  m y  P a r e n t s
A b s t r a c t
Electrode techniques for meaauring Donnan potentials in protein solutions were stud­
ied and applied to elucidate the effect of m éthylation on the net charge of heavy 
meromyosin (HMM) and the effect of Ca '^*' on the net charge of the th in  filament 
proteins.
Drifts in potentials, observed for macroelectrodeSj were examined and their cause 
established to be KCl leakage out of electrodes. The microelectrode technique was 
applied to  protein solutions and microelectrodes with resistance less than  1 MCI were 
used: the conditions for m anufacturing and m aintaining electrodes functional were 
established.
HMM was isolated (from rabbit muscle) and methylated; the modification was ver­
ified by amino acid analysis. ATPase activity of m ethylated HMM was found to be 
significantly elevated in the presence of Ca^ "*" and decreased in the presence of EDTA 
with respect to the activity of the native protein. Values of the net charge of both 
proteins were determined at pH 6.7 and no significant difference was found between 
them. Calculations of the theoretical charge of lysine and N '-dimethyllysine were 
performed which indicated only 0.5% difference a t pH 6.7.
F-actin, tropom yosin-troponin (Tm -tn) and reconstituted thin filaments (RTFs) were 
isolated from rabbit muscle. Conditions for preserving the binding between F-actin 
and Tm -tn  were established. Net charges of F-actin, Tm -tn, RTFs and BSA (control) 
were m easured in solutions of pCa 3.2-8.7 a t ionic strength 0.02 M and pH 7.0. Sig­
nificant decrease in the negative charge of the RTFs, Tm -tn and F-actin was observed 
with increasing concentrations of free Ca^ "*", between pCa 6.5 and 3 approximately.
Values of the molecular and specific charge at pH 7.0 and the isoelectric point were 
calculated from the amino acid sequences of the main muscle proteins.
A b b r e v i a t i o n s  a n d  s y m b o l s
ADP adenosine 5’-diphosphate
e-ADP l,N®-ethenoadenosine 5-diphosphate
AM P-PNP adenyl-5’-yl-imidodiphosphate 
ATP adenosine 5’-triphosphate
Bistris bis[2-hydroxyeLhyl]iininutrIs[hydroxymethyl]methane
BSA bovine serum albumin
buffer R 0.1 M KCl, 5 mM MgCl2 , 20 mM potassium phosphate, pH 7.0
[Ca '^*'] free Ca^"  ^ concentration
Cp protein concentration
IDMAB dimethylamine-borane complex
DTT dithiothreitol
e electronic charge 1.602X10“ ®^C
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Kapp apparent binding constant (M “ ^)
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MW molecular weight
NTFs native thick filaments
pCa negative logarithm  of the free Ca '^*’ concentration
pi isoelectric point
pKa negative logarithm of the dissociation constant
PMSF phenylmethylsulfonyl fluoride
PP, pyrophosphate
qmoi molecular charge
Çape specific charge
RLC regulatory light chain
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SDS-PAGE sodium dodecyl sulphate polyacrylamide gel electrophoresis 
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C h a p t e r  1
I n tr o  d u c t i o n
The aim of the research of this thesis was to increase the understanding of the elec­
trostatic phenomena in muscle and thus to  contribute to the unravelling of the mech­
anism of muscular contraction at the molecular level. This chapter starts  with a brief 
review of the current state  of knowledge of the structure and functioning of mus­
cle (sections 1.1-1.3). The terminology used throughout the thesis is introduced in 
these sections. The theoretical aspects of the electrostatic effects in a polyelectrolyte 
medium are discussed in section 1.4, w ith more detailed analysis of the Donnan equi­
librium in section 1.5. Section 1.6 is a review of the achievements in the studies of 
the electrostatic effects in muscle. Models of the mechanism of muscular contraction 
are reviewed in section 1.7, and the most recent electrostatic model is described in 
more detail. Finally, the  aims of the thesis and the outline of research are given in 
sections 1.8 and 1.9 respectively.
1.1 Structure of muscle
The structure of the vertebrate skeletal muscle will be considered here. This type 
of muscle is formed from bundles of multinucleate cells called fibres which vary in 
length, from a few millimetres to m any centimetres, and are 20-100 ^m  in diameter. 
The membrane surrounding each fibre, the sarcolemma, is electrically excitable. The 
cytosol of the fibres, the sarcoplasm, contains myofibrils which have a diam eter of
19
about 1 /zm each and are arranged longitudinally in the fibre.
A muscle fibre, when examined under a polarizing microscope, displays a striated  pat­
tern of isotropic and anisotropic bands (with respect to the refractive index). These 
bands have been called the I- and A-bands respectively. An electron micrograph of 
a longitudinal section of a myofibril reveals th a t the striation results from a regular 
arrangem ent of interdigitating sets of filaments within a functional unit, repeating 
every 2-3 /zm along the myofibril axis. This functional unit haa been called a sar­
comere. Two sets of filaments can be distinguished: thin filaments, about 9 nm in 
diameter, and thick filaments, with a shaft diam eter about 15 nm. The thick fila­
ments, observed at high magnification, were discovered to have projections, except 
for the so-called bare zone in their centre. These projections were called cross-bridges 
since they were seen to connect the thick and thin filaments under rigor conditions. 
A schematic diagram of the structure of a sarcomere is given in figure 1.1. The reg­
ular arrangem ent of the thick and thin filaments, revealed in electron micrographs 
of cross-sections of a myofibril, is also shown in this figure. In the I-band there is 
a hexagonal lattice of the thin filaments, whereas the A-band contains a hexagonal 
lattice of the thick filaments in the H-zone and a double hexagonal lattice of the thick 
and thin filaments in the overlap zone.
The thick filament consists mainly of myosin molecules, whereas the th in  filament 
contains mostly actin, tropomyosin, troponin and nebulin.
1.2 Sliding filament model
The sliding filament model was proposed by Huxley and Niedergerke (1954) and inde­
pendently by Huxley and Hanson (1954). In this model, the thick and thin filaments 
slide past each other during contraction, increasing the degree of their overlap. In a 
similar way the degree of overlap is decreased when the muscle returns to the resting 
state or is stretched. The length of the thick or thin filaments, however, remains
2 0
Thin filament
A-band
M
H-zonei------- ►
Sarcomere
I-band
Thick filament 
Bare zone
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/
z
\
.  • .  • .
. ■. ■.
Figure 1.1: Schematic diagram of the structure of striated muscle. The top part 
represents a longitudinal section of two sarcomeres. In the bottom  part of the figure, 
the arrangem ent of the filaments in a hexagonal lattice is shown, with circles and 
squares representing the  thick and thin filaments respectively.
constant. It was also postulated th a t the force of contraction is generated through 
the formation of cross-bridges between the filaments, the energy for the contraction 
being delivered by the hydrolysis of ATP by myosin.
1.3 Structure and function of muscle proteins
Values of the param eters characterizing the physical properties of all the major mus­
cle proteins are listed in table B.2 in appendix B. These param eters include number 
of residues, molecular weight, molecular and specific charge a t pH 7.0 and isoelectric 
point. The values of these param eters were obtained from the amino acid sequences 
of the  proteins as described in appendix B and section 2.6. The properties of muscle 
proteins, relevant to our studies, will be reviewed in this section. In particular, dia­
grams of the molecular structure of proteins containing the distribution of positively 
and negatively charged residues at pH 7.0 will be presented. The description of any
2 1
system containing charged species would not be complete unless it included both the 
distribution of m atter and the distribution of the electric charge (Elliott et a l, 1985).
1.3.1 M yosin
Myosin hcis been a subject of a recent comprehensive review by Sellers and Goodson 
(1995) and, unless otherwise explicitly given, references to the statem ents made in this 
section can be found in the above review. Myosin is the motor protein of muscle. Being 
an ATPase, the protein utilizes the energy of ATP hydrolysis for its motor activity. 
The MgATPase activity of myosin is enhanced by actin, typically by a factor of 50-100, 
depending on the experimental conditions. Another property of the enzymic action of 
myosin, however, is often utilized as a diagnostic test for assessing the quality of the 
preparation (Margossian and Lowey, 1982). The intact protein exhibits lower activity 
in the presence of Ca^+ than in the presence of EDTA. Modifications of the sulphydryl 
groups of Cys" °^  ^ and Cys®®^  are reflected in the reversal of the activities and complete 
loss of both activities respectively.
Myosin is a hexamer of two heavy and four light chains. The two heavy chains form an 
a-helical coiled coil at their C-termini (rod) and separate to form two globular heads at 
their N-termini, each of which is called subfragm ent-1 (S i). There are two light chains 
attached to each of the myosin heads: one called the regulatory light chain (RLC) and 
one called the essential light chain, which exists in two isoforms (ELCl and ELC3). 
The shape of the molecule is shown schematically in figure 1.2. Myosin can be cleaved 
into various subfragmenls by the action of proteolytic enzymes: papain, trypsin and 
a-chymotrypsin. Isolation procedures have been developed to obtain these proteolytic 
fragments in a homogenous form (described in Margossian and Lowey, 1982). The 
points of myosin r.lea,va,ge a,re indicated in figure 1,2,
The extensive studies of myosin subfragments have led to establishing their structure 
and function. S i contains the active and actin binding sites and is able to move 
actin filaments in vitro (Toyoshima et a l, 1987) producing the same force as intact
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Figure 1.2: Schematic diagram of the myosin molecule. Points of cleavage by pro­
teolytic enzymes are indicated with arrows. The results of the action of papain and 
a-chym otrypsin depend on the medium. In the presence of EDTA, both enzymes pro­
duce rod and SI with the regulatory light chain digested. In the presence of MgCb, 
the action of papain produces rod and Si with both light chains in tact, whereas 
a-chym otrypsin produces heavy meromyosin (HMM) and light meromyosin (LMM).
myosin (Kishino and Yanagida, 1988). The role of the light chains has not been 
clarified yet. Recent studies of Lowey et al. (1993) show th a t the  removal of the light 
chains from myosin reduces the velocity of actin filaments approxim ately 10-fold, 
without decreasing the ATPase activity significantly. Under physiological conditions 
the myosin rod and light meromyosin exhibit the filament forming properties of intact 
myosin. The analysis of the amino acid sequence of myosin rod reveals how the 
electrostatic and hydrophobic interactions lead to the formation of the coiled coil and 
also the thick filament. The sequence consists of repeating 7-residue fragments which 
contain 2 hydrophobic and 3 charged residues. In the coiled coil the hydrophobic 
residues of the two strands come together to form the hydrophobic core of the rod. 
The charged residues are on the outside of the rod and the electrostatic interactions, 
between the residues from different molecules, probably m ediate the packing of the 
rods into filaments and are responsible for the self-cissembly of the thick filament. The 
resulting structure  of the thick filament is shown schematically in figure 1.3. The bare 
zone is present in both native and synthetic thick filaments.
The atom ic structure of myosin Si from chicken was recently determ ined using single
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Bare zone
Figure 1.3: Schematic diagram of the structure of the thick filament.
crystal X-ray diffraction for a protein with 97% of the lysine residues reductively 
m ethylated (Paym ent et a i, 1993), this structure is presented in figure 1.4. So far, 
it hcLS only been possible to crystallize the truncated myosin (consisting of the motor 
domain) from Dictyostelium discoideum without the méthylation. The structures of 
this protein with MgADP-BeFx, MgADP-AlF^, pyrophosphate (P P t) and MgADP-V^ 
(where V,- denotes vanadate) have been determ ined (Fisher et a i, 1995; Smith and 
Paym ent, 1995, 1996).
1.3.2 A ctin
A recent comprehensive review on actin can be found in Sheterline and Sparrow 
(1994). As for myosin, unless explicitly given, the references for the  statem ents in 
this section can be found in the above mentioned review. Actin exists in two forms: 
monomeric G-actin and filamentous F-actin. Actin can be ex tracted  at low ionic 
strength as G-actin and converted to the viscous F-actin by the addition of salt. The 
polymerization process of actin received significant attention and it wcis established 
th at  in vitro  G- and F-actin co-exist in a dynamic equilibrium which can be character­
ized by the so-called critical concentration This is the concentration of G-actin, 
above which extra  actin assembles into filaments. Under physiological conditions the 
value of Csr is approxim ately 0.1 /iM and hence the F-actin is the predominant form of 
the protein. The critical concentration is increased at low ionic strength in the pres­
ence of Ca^'"'. This property is the basis of the purification procedure, which was used 
in this thesis, where G-actin is extracted and F-actin depolymerized under conditions
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Actin Binding Site
Active Site
Figure 1.4: Molecular diagram of the structure of subfragment-1 of myosin from 
chicken. The heavy chain is drawn in grey, the essential light chain (ELC) in green 
and regulatory light chain (RLC) in yellow. The a-carbon atoms in positively charged 
at pH 7.0 residues (Lys and Arg) are indicated in red and those in negatively charged 
residues (Glu and Asp) are shown in blue. Also the actin binding and active site 
are indicated. Created using MOLSCRIPT (Kraulis, 1991) with the Si structure of 
Raym ent et al. (1993). The coordinates were taken from the 2MYS file from the 
Brookhaven PDB (Bernstein et o/., 1977; Abola et a i, 1987).
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when Ccr is approxim ately 0.1 mM.
Actin is also an ATPase, the activity for rabbit skeletal actin being about 0.07 s“  ^ un­
der the conditions used by Pollard and Weeds (1984). This value is about two orders 
of m agnitude lower than  the actin activated activity of rabbit myosin SI (Margossian 
and Lowey, 1982; Sellers and Goodson, 1995), with the exact values depending on 
the experim ental conditions. The hydrolysis of ATP accompanies the process of poly­
merization; the presence of ATP is, however, not essential for the assembly (Cooke, 
1975). The slow rate of ATP hydrolysis provides the switch mechanism for the so- 
called head-to-tail assembly or treadmilling (Wegner, 1976).
The atom ic structure of actin monomer hcis been recently solved (Kabsch et a/., 1990). 
The m ethod of X-ray diffraction was applied to crystals of the complex of actin and 
DNasel, in which actin was preserved in the monomeric form. The structure of actin is 
presented in figure 1.5. The above structure was used to construct an atomic model of 
F-act in filament by fitting the structure of the monomer to the X-ray pattern  observed 
for oriented gels of actin (Holmes et 1990).
1.3.3 Tropomyosin and troponin
Tropomyosin and troponin form the regulatory system of vertebrate skeletal muscle. 
Troponin consists of three components: calcium binding troponin C, tropomyosin 
binding troponin T and the actomyosin ATPase inhibiting troponin I. The structure 
of the rabbit cardiac tropomyosin and the structure of chicken skeletal troponin C 
have been solved (Phillips et a i, 1979; Strasburg a/., 1980, respectively). These 
structures are shown in figures 1.6 and 1.7.
Tropomyosin is an a-helical coiled coil, with a residue repeat m otif similar to myosin. 
Troponin C contains two binding sites for Ca '^*' in each of the two homologous do­
mains, all of them have the R-F hand motif which is characteristic for Ca^+ binding 
proteins (Celio et a i, 1996). The two sites in the C-terminus part of the molecule,
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Figure 1.5: Molecular diagrams of the structure of rabbit actin. Structure shown in 
(b) has resulted from rotating structure (a) by +45° about the vertical axis (pointing 
upwards) to give a better view of the myosin binding site. The a-carbon atoms in 
positively charged at pH 7.0 residues (Lys and Arg) are indicated in red and those in 
negatively charged residues (Glu and Asp) are shown in blue. N and C denote the N- 
and C-termini respectively. Also an ATP molecule and calcium ion bound to  the actin 
molecule are displayed in yellow and green respectively. Created using MOLSCRIPT 
(Kraulis, 1991) with the structure of Kabsch et al. (1990). The coordinates were 
tahen from the lATN file from the Brookhaven PDB (Bernstein et a i, 1977; Abola 
et a i, 1987).
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Figure 1.6: Molecular diagram of the structure of rabbit cardiao tropomyosin. The 
two chains forming the  a  helix are drawn in grey and yellow. The a-carbon atoms in 
positively charged at pH 7.0 residues (Lys and Arg) are indicated in red and those in 
negatively charged residues (Glu and Asp) are shown in blue. N and C denote the 
N- and C-termini respectively. Created using MOLSCRIPT (Kraulis, 1991) with the 
tropomyosin structure of Phillips et al. (1979). The coordinates were taken from the 
2TMA file in the Brookhaven PDB (Bernstein et al., 1977; Abola et al., 1987).
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Figure 1.7: Molecular diagram of the structure of troponin C from chicken with two 
bound Ca^ '*' ions. The a-carbon atoms in positively charged at pH 7.0 residues (Lys 
and Arg) are indicated in red and those in negatively charged residues (Glu and Asp) 
are shown in blue. Green spheres represent the two bound calcium ions. N and C 
denote the N- and G-termini respectively. Created using MOLSCRIPT (Kraulis, 1991) 
with the troponin C structure of Strasburg et al. (1980). The coordinates were taken 
from the ITOP file in the Brookhaven PDB (Bernstein et al., 1977; Abola et al., 
1987).
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TROPONIN TROPOMYOSIN
ACTIN
Figure 1.8: Schematic diagram of the structure of the thin filament (reproduced from 
Bagshaw, 1993).
occupied in the crystal structure, are the high affinity sites which are also occupied 
in resting muscle at approximately 0.1 //M concentration of Ca^"^. The other two 
sites have lower affinity for Ca^ "'" and become occupied when the concentration of 
sarcoplcLsmic calcium increases to approxim ately 10 fiM. The Ca^ "*" and Mg^ "*" binding 
to troponin is discussed in more detail in section 5.4.
The schematic diagram of the arrangem ent of the tropomyosin and troponin in the thin 
filament is presented in figure 1.8. The thin filament is composed of a double helix of 
actin monomers. In the grooves of the helix, there are dimers of tropomyosin spanning 
across seven actin monomers with a troponin complex bound to each tropomyosin 
dimer, resulting in the periodic arrangem ent of the troponin complex every 38.5 nm.
Differences in the X-ray diffraction patterns associated with actin between a relaxed 
and contracting muscle observed by Huxley (1973) and Haselgrove (1973) could be ac­
counted for by the movement of tropomyosin. A steric blocking model wcls formulated, 
in which Ca^"  ^ binding to troponin C causes a sideways movement of tropomyosin on 
the surface of actin exposing the myosin binding site (Haselgrove, 1973; Huxley, 1973; 
Parry and Squire, 1973).
Some structural evidence supporting this model has accumulated recently. A dif­
ference between the thin filament structure in the presence of Ca^ "*" and EGTA was 
observed by Ishikawa and Wakabayashi (1994) using cryo-electron microscopy. It was 
not determined however if th a t change was caused by tropomyosin movement or a
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transform ation of actin. Lehman et a l  (1994) observed a 25° azim uthal movement 
of tropomyosin in electron micrographs of thin filaments of Limulus. Differences be­
tween the X-ray diffraction patterns of rabbit psoas fibres obtained at various Ca^"  ^
concentrations (Poole et a l,  1994) were accounted for with also a 25° azim uthal move­
ment of tropomyosin. Lorenz et a l  (1995) obtained an agreement between the X-ray 
diffraction patterns of unregulated synthetic thin filaments (without troponin) and 
the patterns of the regulated filaments in the presence of Ca^+.
1.3.4 Other proteins 
T itin
Titin has been a subject of recent reviews by Labeit and Kolmerer (1995) and Wang 
(1996). It is at present the largest known protein. Single molecules are approximately 
1 fj,m long and extend from the M- to Z-lines, spanning the A- and I-bands of a 
sarcomere. The titin  filament is elastic along most of its length but the segment 
of the molecule tha t spans the A-band is prevented from stretching in muscle. The 
remaining fragment acts as an elastic connector of the thick filaments to the Z-liné. 
Labeit et a l  (1992) found tha t fragments of titin  bound C-protein and myosin LMM, 
whereas Koretz et al  (1993) showed tha t titin  aggregates did not bind myosin but 
bound C-protein and AMP-deaminase and th a t their structural ordering was improved 
upon binding of these proteins.
N eb u lin
Nebulin has been recently reviewed by Wang (1996). Immunoelectron microscopy 
studies suggest th a t a single nebulin molecule spans the length of the thin filament 
and tha t it moves along with actin during contraction. An interesting feature of the 
amino acid sequence of nebulin is th a t it consists of approxim ately 200 repeats of a 
35-residue motif. These modules form more than 20 seven-module super-repeats. It 
has been proposed th a t each nebulin module is an actin binding domain and each
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seven-module unit corresponds to the tropomyosin and troponin binding site. Other 
studies indicate tha t nebulin may be a part of the thin filament regulatory system, so 
far associated only with tropomyosin and troponin.
C -protein
C-protein is located in the thick filament. It hcis been shown to bind strongly to 
the rod portion of myosin (Moos et a l,  1975). The structure of the thick filament 
is disrupted by the addition of the C-protein at high (Moos et a l,  1975) and low 
(Koretz, 1979) molar ratios to myosin. At a ratio of 1 C-protein molecule to 3-4 
myosiii molecules, ordered synthetic thick filaments are formed, suggesting tha t there 
may be 3-4 myosin-specific binding sites on one C-protein molecule (Koretz, 1979). 
C-protein has been found to increa.se the resistance of the synthetic thick filaments to 
pressure-induced dissociation (Tum m inia et al, 1989). C-protein plays a part in the 
organization of the thick filament, bu t the role of the protein is not yet entirely clear.
1.4 , Intermolecnlar forces in polyelectrolyte  
system s
Muscle is a polyelectrolyte system with a regular hexagonal lattice of the protein 
filaments. There exist two types of intermolecnlar forces in such a system: van der 
Wcials and electrostatic forces. Van der Waals forces are a ttractive and result from 
the interactions between electric dipoles. The magnitude of the van der Waals forces 
is proportional to r “®, where r  is the distance between atom s or molecules. The 
electrostatic interactions in a polyelectrolyte system will be discussed in more detail 
in the next section.
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Table 1.1: The pKa values of ionizable groups in proteins at ionic strength 0.1 M. All 
the pKa values were taken from Smith and M artell (1989), the values for the N- and 
C-terminal groups being averaged over 20 amino acids listed aa common by Stryer 
(1988). Also the charge of each group in a fully protonated and deprotonated state  is 
given in electronic charge units (çp and qj, respectively).
Residue Group (protonated state) qa pKo
Arginine guanidyl-NHg 1 0 12.10
Histidine imidazolyl-NH^ 1 0 6.02
Lysine e-NHJ 1 0 10.68
Cysteine ,8-SH 0 -1 8.16
Tyrosine phenolic-OH 0 -1 10.10
G lutam ate 7-COOH 0 -1 4.20
A spartate 13-COOU 0 -1 3.70
N-terminal a -N H j 1 0 9.38
C-terminal a-COOH 0 -1 2.14
1.4.1 E lectrostatic interactions
A polyelectrolyte system like muscle contains charged molecules consisting of proteins 
and mobile ions.
Proteins have a net electric charge equal to zero only at a particular value of pH, 
which is called the isoelectric point (pi). At other values of pH, proteins possess a 
net electric charge which is positive at pH values below their pi, and negative at pH 
values above their pi. This charge results from the electric charge of the component 
amino acids.
The ionizable groups of amino acids th a t contribute to the charge of proteins are 
listed in table 1.1. Some of the groups are positively charged in the protonated form, 
while the other groups bear no charge in the protonated form and become negatively 
charged upon hydrolysis of a H'*’ ion. This is indicated in the table in the values 
of Çp and qd represen tin g  the charge of the group in electronic charge units in the 
protonated and deprotonated states respectively. The pK^ values for the dissociation 
of a H"^  ion from the p ro to n a led  form of each group are also given in the table.
The theoretical net charge of a protein can hence be calculated cls a sum of the
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Figure 1.9: The molecular charge qmoi of the ionizable groups in amino acids as a 
function of pH in electronic charge units. The charge waa calculated from the pKa 
values given in table 1.1 and using equations 1.1 and 1.2.
charges on all of the residues in the protein. This is equal in electronic charge units to 
the num ber of protonated residues for which 9p =  1 minus the num ber of deprotonated 
residues for which Çj =  -1. The num ber nj, of protonated groups of type i as a function 
of pH can be obtained from:
. i = ( 1 . 1 )
’ [ff*l + K;
where [H'^] is the hydrogen ion concentration, is the dissociation constant for the 
group of type i and n" is the total number of groups i in the protein sequence. The 
number of deprotonated residues of type i can be calculated aa:
n .  = n -  n. ( 1 .2 )
If we take n* as equal to 1 in equations 1.1 and 1.2, we can calculate the molecular 
charge of each of the ionizable groups as a function of pH (figure 1.9).
The study of 36 globular proteins by Rcishin and Honig (1984) indicated tha t the 
m ajority of the charged groups of a protein are on its surface, with the hydrophobic 
groups buried inside the molecule. This haa also been observed for fibrous proteins
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such cLS myosin rod and tropomyosin (sections 1.3.1 and 1.3.3) . Hence it is appropriate 
to consider the electrostatic effects in the neighbourhood of such charged surfaces in 
an electrolyte solution. These phenomena are discussed by Israelachvili (1985). A 
charged surface a ttracts  counterions and repels co-ions giving rise to a formation of 
the so-called double layer. Due to this ionic atmosphere, the electrostatic potential 
of the charged surface decays with distance more sharply than  in the vacuum. The 
potential ^  at distance r  from the surface is given (in the so-called Debye-Hückel 
approximation) as:
^  = ^0
where is the electric potential at the surface and ^ is the Debye length. The 
Debye length decreases with the valency of the ions in the solution and is inversely 
proportional to the square root of the ionic strength. The increases with the surface 
charge density and decreases with the ionic strength. Divalent counterions have a 
dram atic effect on the ^o, lowering its value about 100 times more effectively than 
monovalent counterions. The electrostatic forces between charged surfaces of particles 
thus decay exponentially with the distance between them , with the range of the forces 
decreasing as the ionic strength and the concentration of divalent counterions increase,
1.4.2 Balance o f the intermolecnlar forces
Elliott (1968) has calculated the magnitude of the van der Waals attraction forces 
and the electrical double-layer repulsion forces for a hexagonal lattice of cylinders 
with a uniform negative charge in an ionic medium. It was shown th a t a balance 
of these two forces could be achieved for certain values of the distance between the 
cylinders. When param eters appropriate for muscle were taken, the distance for which 
the balance existed, was found to be close to the value of the separation between the 
thick filaments in muscle.
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1.4.3 N et electric charge approximation
It is of particular interest for our studies, in which we are only able to measure the net 
electric charge on proteins, whether this quantity is of im portance in the interactions 
between proteins. If a surface with a set of discrete charges is considered, with each 
charge separated by a distance d from the neighbouring charges, then the resulting 
electric field at a distance d/2 from the surface differs only by 17% from the electric 
field calculated for a surface with a smeared charge of the same surface charge density; 
at a distance d from the surface the difference between these electric fields is only 0.7% 
(Isrcielachvili, 1985).
Barlow and Thornton (1986) studied the distribution of the charged groups in proteins 
and found th a t the local surface charge density was 0.5-25 charged groups per 1 nm^ 
in the analysed group of 32 proteins. This corresponds to the distance of 0.2-1.4 nm 
between the charged groups on the protein surface, assuming a square lattice. Hence 
electrostatic interactions between proteins at distances greater than about 1 nm can 
be approxim ated by average smeared charges on their surfaces, in which individual 
charged sites can be neglected. At even larger distances, the magnitude of which 
is dependent on the protein, local surface charge density can be neglected and only 
the overall net charge of the protein determines the extent of the interaction (Barlow 
and Thornton, 1986). The net charge will thus provide the force tha t will bring the 
molecules together to enable the interactions between individual sites on the proteins.
1.5 Donnan equilibrium
In a system consisting of two phases, with one or more of the ionic components being 
restricted from peissing between the phases, an equ ilib rium  ex is ts  which is called the 
Donnan equilibrium. It Wcls discovered and described by Donnan (1911). In this 
thesis the considerations will be lim ited to the case when only one phase contains 
the nonperm eable molecules which will be proteins. The restriction can be caused
36
by a semi-permeable membrane in the case of protein solutions or by the structural 
arrangem ent of the proteins in the contractile apparatus or in gels. The presence of a 
membrane is by no means essential for establishing a Donnan equilibrium (Overbeek, 
1956).
There are three aspects of the Donnan equilibrium:
1. Unequal distribution of the mobile ions between the phases.
2. The osmotic pressure.
3. The potential difference between the phases.
In the phase containing the macromolecules there is accumulation of the counterions 
whereas the co-ions are partially excluded from this phase. The bulk of both phases 
remains electrically neutral.
In the subsequent paragraphs the classical Donnan equilibrium will be considered 
using ion concentrations rather than ion activities. This approach is justified since 
the theory is applied to homogenous protein solutions at relatively low concentration 
(Overbeek, 1956). Concentrations will be used as opposed to ion activities for the 
reasons given in Elliott and Bartels (1982). The theory could be extended to non- 
ideal solutions by introducing Debye-Hückel activity coefficients, and replacing the 
concentrations in the subsequent equation for the Donnan potential by the activities 
(Overbeek, 1956).
In equilibrium, the concentration ratios between the phases for each type of perm eant 
ion must be such th a t their Nernst potentials are all equal and equivalent to the 
potential difference between the two phases, the Donnan potential Ud - If c* and c° 
denote the concentrations of the ion j  in the phase containing the macromolecules 
and the other phase respectively, then:
RT c°
Ud = — i  =  (T3)z^F c\. j j .
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where Zj is the valency of ion j ,  R i s  the gas constant, T  absolute tem perature, F  the 
Faraday constant and n is the total num ber of ion types present. The concentrations 
of the  ionic species in the phase containing the macromolecules can thus be determined 
from the value of the Donnan potential and their concentrations in the other phase.
If q is the net electric charge of the protein at a concentration Cp, then the condition 
of electroneutrality of the bulk of solution containing the protein, takes the form:
qcp + ' ^ z j c )  = 0 (1.4)
i=i
Combining equations 1.3 and 1.4, leads to the equation enabling the calculation of 
the value of the net charge qi
9 =  (1.5)
^  j = l
The calculations can be simplified by grouping the term s for the same valency:
î  =  (1.6)
^  Jt=l \/= l /  ^
where c° are concentrations of the s types of ions with valency Zk and r is the total 
number of different ionic valencies present in solution.
If the protein concentration is expressed as mass per unit volume, then only the so- 
called specific charge, ç,pe, defined as the net charge per 10® Da, can be known. If the 
molar concentration of the protein is known, then the molecular charge, qmoi  ^ defined 
as the net charge per molecule, can be calculated.
If both phases are electrically neutral, how does an electric potential difference arise 
between them ? The answer is tha t there are positive and negative excess charges 
located near the boundary between the phases in a narrow band, whose width is of 
the order of the Debye length for a given solution. This docs not, however, affect the 
bulk of the solution, which remains electroneutral.
For a protein of certain net charge q, the Donnan potential increases with the protein 
concentration and decreases with the ionic strength of the medium. These proper­
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ties, which are of consequence for the experim ental determ ination of the net charge 
on proteins, are illustrated in figure 1.10. The values of the Donnan potential are 
plotted cLS a function of the ionic strength and protein concentration for a protein of 
the specific charge equal to tha t calculated from the sequence of actin at pH 7.0 (see 
table B.2). The protein concentrations range from typical concentrations achieved 
in protein solutions (several m g/m l), through concentrations in protein gels of about 
100 m g/m l (Jennison, 1992), to the concentrations of proteins in the muscle tissue 
of about 400 m g/m l in the thin filament (Bagshaw, 1993). It should be noted, how­
ever, th a t the real Donnan potentials would be less negative than those plotted in 
figure 1.10 due to counterion binding. It can be seen th a t potentials tha t can be 
obtained from protein preparations are very much smaller (the absolute value) than 
those obtained from the muscle, where proteins are highly concentrated. At physio­
logical ionic strength of about 0.15 M, the values of the Donnan potential tha t can be 
obtained from samples with concentrations of 10-20 m g/m l would be about 1 mV at 
the maximum and higher potentials could only be obtained at the expense of using 
less physiological conditions, i.e. lower ionic strength.
1.6 Previous studies of electrostatic effects in 
muscle
The electrostatic effects in the contractile system have been studied mostly in fibres, 
whose membranes have been removed, in protein gels and protein solutions.
In living muscle, the sarcolemma acts as a barrier preventing the sarcoplctsm from 
changing with the changes in the external medium. The muscle membrane can be 
removed chemically or mechanically. The structure of the contractile apparatus is not 
affected by these procedures (Huxley, 1957). In fibres without the sarcoplasm, as well 
as in protein gels and solutions, the chemical environment surrounding the contractile 
proteins can be controlled and varied.
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Figure 1.10: Theoretical Donnan potential Ud for a protein with the same specific 
charge as tha t calculated from the sequence of actin at pH 7.0 (-29.7e). Dependence 
(a) on the ionic strength of the solution J and (b) protein concentration Cp. Equa­
tion 1.6 was used to obtain the curves, only monovalent ions were considered.
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The first studies of the electrostatic effects in muscle were perform ed using the X-ray 
diffraction technique. This is described in the next section.
1.6.1 X-ray diflfraction studies
The studies of Rome (1967, 1968) on the glycerinated rabbit psoas muscle fibres, 
revealed th a t the  thick filament spacing was a function of the pH, ionic strength 
and valency of the  cations in the inter-filament medium. The spacing for short and 
medium sarcomere lengths decreased continuously as the pH of the medium decreased 
from pH 9.0 to 3.5, whereas at long sarcomere length there was a minimum value of 
the spacing at ab ou t pH 4.7 . This behaviour indicated a negative charge on the 
filaments at physiological values of the pH. The dependence of the spacing on the pH 
at long sarcomere length was attributed  to the isoelectric point of myosin being 4.7 
under those experimental conditions, since at this sarcomere length myosin filaments 
constitute 70% of the A-band lattice. The spacing was smaller in solutions containing 
divalent cations, whereas the valency of the anion had no effect on the spacing. This 
effect, however, could also be caused by stronger binding of the divalent cations to 
the proteins. These results indicated very clearly the presence of the inter-filament 
forces in muscle which are of an electrostatic nature.
April et al. (1969) observed a 40% increase of the lattice volume of intact crayfish 
muscle fibres bathed in a medium in which 50% of the NaCl was substituted by KCl. 
This phenomenon was explained by Elliott (1973) by Donnan and osmotic effects 
across the sarcolemma.
1.6.2 D onnan potential measurements
The Donnan potential studies of the electrostatic phenomena in muscle were pio­
neered by Collins and Edwards (1971). A potential difference was detected, with 
microelectrodes filled with 3 M KCl, between the glycerinated muscle fibres and the 
bathing medium. A glycerinated fibre lacks the sarcolemma which would produce
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the m em brane potentials observed in earlier microelectrode experiments with intact 
muscle (Ling and Gerard, 1949; Nastuk and.Hodgkin, 1950). The potential obtained 
by Collins and Edwards (1971) wcis negative at pH 7.5 and positive at pH 4.0. The 
magnitude of the potential wa§ reduced if the ionic strength of the medium was in­
creased or if the contractile proteins were partially  extracted from the tissue. The 
magnitude of the potential was the same in NaCl- and KCl-based media. This poten­
tial was thus consistent with a Donnan potential resulting from the electric charge on 
the contractile proteins.
The muscle fibres studied by Collins and Edwards (1971) were in rigor. Pemrick and 
Edwards (1974) measured the Donnan potentials of glycerinated rabbit psoas muscle 
fibres in solutions producing rigor, relaxation and contraction. For fibres at rest- 
length the potentials were significantly more negative in a relaxed state than in rigor 
or contraction, whereas for fibres stretched to non-overlap, there was no difference 
between these potentials.
The Donnan potential in glycerinated rabbit psoas muscle was also studied by Nay­
lor (1977) as a function of the sarcomere length for rigor and relaxed muscle. The 
potentials obtained were independent of the sarcomere length and significantly less 
negative in the relajced state than in rigor, thus contradicting some of the results of 
Pemrick and Edwards (1974).
A progress in the technique was made by Bartels and Elliott (1981) who measured the 
Donnan potentials from the A- and I-bands. The tip position was observed under light 
microscope in glycerinated rabbit psoas and skinned barnacle muscles. In rigor the 
A-band potential was significantly more negative than the I-band potential in both 
muscles. In relaxation the two potentials did not differ, although in rabbit fibres they 
were equal to the I-band potential in rigor, whereas in barnacle muscle both potentials 
became approxim ately equal to the A-band rigor potential. This difference between 
the potentials in the relaxed state of the two preparations was found to result from the 
presence of sarcoplasmic reticulum in the skinned barnacle fibres (Bartels and Elliott,
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1982). Skinned ra t muscle fibres also gave potentials in the relaxed state equal to the 
rigor A-band potential whereas skinned fibres treated with detergent and glycerinated 
fibres gave potentials in the relaxed state  equal to the 1-band rigor potential. These 
results confirmed the results obtained by Naylor (1977) for glycerinated fibres. The 
difference in the potentials between the rigor and relaxation was significant and of the 
order of the potential in the relaxed state itself. The A-band potential for glycerinated 
rabbit fibres was found to be -4.7±0.6 mV in rigor and -2.3±0.6 mV in the relaxed 
state  at approximately physiological ionic strength (Bartels and Elliott, 1981).
The technique of selective measurements of the Donnan potentials from individual 
bands was applied by Aldoroty and April (1984) in skinned crayfish fibres, Random 
and directed impalements gave reproducible trim odal distributions of potentials, with 
the modalities representing the A- and 1-bands and the Z-line vicinity.
A fascinating development was initiated by the studies of Bartels and Elliott (1983), 
on the effect of ATP, ADP, AM P-PNP and PP^ on the potentials of the A- and I- 
bands in glycerinated rabbit psoas muscle. It was found th a t in the presence of PP» 
the A-band potential was lowered in a similar way as in the presence of ATP, whereas 
in the  presence of ADP or AM P-PNP the potentials had the same values as in rigor.
In a subsequent study (Bartels et ai, 1984), the Donnan potential microelectrode 
technique was applied to threads of myosin and also to threads of myosin rods. The 
potentials recorded in rigor solutions were more negative than the potentials obtained 
in relaxing solutions. These experiments dem onstrated tha t the effect observed for 
the A-bands is related to the myosin filament backbone.
The effect of varying concentration of ATP and PP* on the Donnan potentials from 
the A-bands and on the charge of myosin and myosin rod, was investigated by Bartels 
et a i  (1993). It was established tha t only 100-200 /iM ATP wa.s needed to initiate 
the charge decrectse between the rigor and relaxed conditions. The difference in charge 
was most prominent at ionic strength equal to approximately half of the physiological
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ionic strength. The negative charge on myosin and the rod decreeised by about 30% 
and 40% respectively, when ATP or PP, were added to 100 fiM  concentration. Also 
the charge on the  light meromyosin fragment of the rod W cls mecisured using threads 
of purified protein. No difference, however, was found between the rigor and relaxing 
conditions. A possible mechanism for the myosin charge difference in the presence and 
absence of A TP/PP^ was suggested to be duo to ion binding to the  charged side chains 
clustered between the myosin rods in the thick filament or between the polypeptide 
chains in one rod.
An interesting observation was th a t the charge density on the filaments in the A-band, 
obtained from the experiments on glycerinated fibres, was approxim ately twice the 
charge density derived from the measurements on synthetic thick filaments in the same 
solution (Bartels et a l,  1993). This large difference was associated with differences in 
the structure and ion binding properties of the native and synthetic thick filaments, 
tha t were observed by Tumminia et al. (1989, 1990) in hydrostatic pressure studies. 
These studies revealed that native thick filaments (NTFs) from rabbit psoas muscle 
were more resistant to pressure-induced disaggregation than synthetic thick filaments 
(STFs), with and without C-protein, although the addition of C-protein had a sta­
bilizing effect on the STFs. It was found th a t the NTFs prepared from glycerinated 
muscle were less resistant to dissociation than the NTFs obtained from fresh muscle, 
with the loss of resistance being correlated to the length of the  glycerination period. 
Experiments with varying ECTA concentrations suggested th a t the loss of NTFs sta­
bility could be due to a leaching of cations over time. Results of these studies clearly 
dem onstrated th a t thick filaments cissembled in vitro are different from thick filaments 
assembled in vivo. It is not surprising, then, th a t differences in the electric charge 
of the NTFs and STFs were observed. The charge mecisurements of isolated proteins 
can shed light on the role of the individual proteins in the contraction mechanism. 
A question arises, however, as to how the values of the electric charge measured for 
isolated proteins reflect the charge that these proteins have in living muscle. This 
issue will be discussed in chapter 5.
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The electric charge of actin Wcls the subject of studies of Cantiello et al. (1991), 
Jennison (1992) and Deshayes (1994). Cantiello et al. (1991) mecisured the potentials 
of solutions of F-actin at concentrations of about 5 m g/m l using a chloride-plated 
silver electrode as the mecisuring electrode. The value th a t can be derived from 
the reported potential (-3.9±1.8 mV), leads to a net negative charge of -370e on a 
monomer of actin. This value seems impossible for a protein consisting of 377 amino 
acids, of which approximately 50 could have a negative charge at pH 8.0, as can be 
determined from the amino acid sequence of rabbit skeletal actin.
Jennison (1993) measured the charge in gels of F actin using the microelectrode tech 
nique and obtained a value of -9±4e per actin monomer at physiological ionic strength 
and pH 7.0. The value of the charge was found to be dependent on the ionic strength, 
with the charge becoming more negative as the ionic strength was increased, Deshayes 
(1994) also observed the same tendency in the charge of F-actin with the ionic strength 
using the same technique. The value obtained at physiological strength, -10±4e per 
monomer, was in good agreement with the value of Jennison (1992).
The charge on F actin  was n oticed  to be dependent on the history of the preparation, 
A gel which was stirred immediately before the measurements gave a significantly 
more negative charge on the monomer (by about 2e) than a gel th a t was allowed to 
rest for a period of hours or a gel tha t was sonicated (Deshayes et a i,  1993).
Experim ents with glycerinated rabbit psoas muscle fibres revealed a cooperative 
change in the Donnan potentials occurring with free Ca^+ concentration, [Ca^''"], 
(Coomber and Elliott, 1995, 1996). The experiments were performed using micro- 
electrodes in a rigor solution of ionic strength approxim ately half of the physiological 
ionic strength, to which CaCl2 and EGTA in various proportions were added to a total 
concentration of 2mM. For muscle fibres stretched beyond overlap (with sarcomere 
length 4.2 fim), four distinct Donnan potentials were observed which were assigned 
to the A- and 1-bands, Z-line and the gap filament. A change in their values of about 
2 mV was reported at pCa 6.0, with the potentials becoming less negative at higher
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[Ca^+J (Coomber and Elliott, 1996). When fibres stretched towards zero overlap were 
used (with sarcomere length 3.4 ^m ) two Donnan potentials were observed, corre­
sponding to the A- and I-bands for which a cooperative change at pCa of 6.2 was 
reported (Coomber and Elliott, 1995). The m agnitude of the change in the Donnan 
potentials recorded between pCa 5.5 and 7.0 was 1.7 and 2.1 mV for the A- and I- 
bands respectively. The effect was significantly reduced (to 0.6 and 0.8 mV for the A- 
and I-bands respectively) if the Diinnan potential measurements were performed after 
an incubation of the fibres with 1% Triton X-100. This treatm ent has been found to 
remove the sarcoplasmic reticulum from skinned crayfish fibres (Aldoroty and April, 
1984).
Donnan potential measurements were carried out on gels of F-actin and reconstituted 
thin filaments, which suggested tha t there was a change in the charge of these proteins 
with [Ca^+] (Jennioon, 1992). Microelcctrode measuromentc were performed in rigor 
solutions of ionic strength approximately 30 mM , with and without the addition of 
1 mM ECTA. The charge on both F-actin and the reconstituted thin filaments was 
found to be more negative in the presence of ECTA.
The Donnan potential of soluble proteins (rabbit tropomyosin and myosin S i) was 
measured using the macroelectrode technique of Ojteg et al. (1989) by Deshayes 
(1994).
1.6.3 Other m ethods
M ethods other than X-ray diffraction and the Donnan potential technique, have been 
used to investigate the electrostatic properties of muscle and muscle proteins. These 
m ethods include: fluorescence, isotope exchange and mass spectrophotometry.
Scordilis et al. (1975) measured the fluorescence of the dye 3,3’-dihexyl-2,2’-oxacar- 
bocyanine in myofibrillar suspensions of rabbit muscle. It was found th a t the changes 
in fluorescence were linearly proportional to the changes in the Donnan potentials
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mecisured in rabbit glycerinated fibres under the same conditions. This m ethod Wcis 
further investigated and applied to protein solutions by Deshayes (1994). The cali­
bration of the m ethod was performed using latex particles with a fixed surface charge 
density of carboxylic groups. The fluorescence of the dye was found to increase with 
the absolute value of the charge i,e, the sign of the cloctric charge could not be deter 
mined with this m ethod. The advantage of this m ethod is, however, the requirement 
of fractions of a milligram of the protein. The method applied to troponin gave a 
molecular charge of -3e at ionic strength 0.07 M and pH 7.0.
Hinke (1980) measured the cation content in chemically skinned barnacle fibres and 
the bathing solution, using meiss spectroscopy. The theoretical Donnan potential was 
calculated from the ratio of the cation concentration in the fibre and the bathing 
medium. This value was in very good agreement with the experimentally measured 
value which is rather surprising since, the cation content of the fibre determ ined by 
mciss spectroscopy would be the total cation content, i.e. would include counterions 
which are tightly bound to the proteins and do not contribute to the Donnan potential. 
Also the uptake of the isotopes ^^Na, and ^®C1 into the fibres was measured. At 
pH 7.4 the fibre wcis found to accumulate and Na"*" but exclude Cl“ relative to the 
bathing solution. At pH 5.4 the anion accumulation was observed while the cation 
accumulation weis greatly reduced. In the isotope exchange experiments, the ions 
tightly bound to proteins are not differentiated from the ions tha t can move freely 
between the two phases.
1.7 M odels of mechanism of muscular contraction
The sliding filament model for the contraction of a striated muscle is widely accepted. 
There is no agreement, however, as to the mechanism for the production of the force 
leading to the power stroke. The proposed models fall into two general categories:
1. Indirectly-coupled models.
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2. Directly-coupled models.
In models of the first type, the enzymatic hydrolysis of ATP m odulates the relative 
amounts of tim e spent by the parts of the myosin molecule in two states. The transi­
tion between these two states gives the power stroke. In the second group of models, 
particular steps of the kinetic scheme are made responsible for the conformational 
changes of the myosin Si leading to the power stroke. The recently proposed models 
of the two types will be characterized in the following sections; the indirectly coupled 
model of Elliott and W orthington (1994) and the directly-coupled model of Fisher 
et al. (1995).
1.7.1 M odel of Elliott and W orthington, 1994
The key feature of this model (Elliott, 1993; Elliott and W orthington, 1994, 1995) 
is the function of myosin ATPase as an ion pump, moving ions against a potential 
gradient. This is based on the observations of the decreased net negative charge on 
the A-band and on the myosin molecule in the presence of ATP (Bartels and Elliott, 
1981, 1982, 1983, 1985; Bartels et ai, 1984, 1993). The central postulate of the model 
is th a t the force producing the power stroke arises from the discharge of the Si and 
snapping back of the a-helical part of the molecule. The contractile cycle is illustrated 
in figure 1.11.
The sequence of events during the contractile cycle is as follows:
1. T h e  b in d in g  o f S I  to  a c tin . The contraction events are triggered by the 
increase of the concentration of free Ca^+ in the sarcoplasm. This will affect 
the depth of the electric potential between the thick and th in  filaments, through 
binding of Ca^+ to the troponin located in the thin filament. The Si will carry 
an ADP-Pt complex in the active site at tha t stage of the cycle. The long range 
electrostatic interactions acting on the negatively charged myosin head will cause 
its movement towards the thin filament. The local electrostatic interactions will 
cause the binding of the Si to actin.
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(a) Myosin head attachment and charging (b) End of charging period
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Figure 1.11: A schematic representation of the events during the contraction cycle in 
the model of Elliott and W orthington (1994) (reproduced from Elliott and W orthing­
ton, 1994).
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2. T h e  p ro d u c t  re le a se  an d  c h a rg in g  o f S I . W hen the S i is attached to actin, 
the products of ATP hydrolysis are released. The neck region of the Si charges 
up (becomes more negatively charged) and the repulsive electrostatic forces 
between the SI and the filaments cause the tail of the Si to curl (figure l . l la ,b ) .  
It is possible th a t the charging up is initiated before the binding to actin.
3. T h e  p o w e r s tro k e . When the ATP binds, the Si discharges and snaps back, 
producing the power stroke (figure 1.11c).
4. D e ta c h m e n t o f S I fro m  a c tin . It is supposed th a t the  longer and shorter 
range electrostatic interactions are such th a t the SI is released from actin. At 
that point there will be ATP or ADP-P, in the active site of S i, but the tail 
will not be charged up yet (figure 1.1 Id).
These cycles can be repeated, until the Ca^+ level decreases, and then if ATP is still 
present, the Si is left with the ATP hydrolysing to ADP and P» in its active site, 
bound to actin in the charged state (rigor).
This model agrees with the results of biochemical and structural studies of muscle. It 
explains many of the puzzling phenomena such as the tem perature-jum p effects (Davis 
and Harrington, 1987) and the tension generated at low concentrations of ATP in the 
absence of Ca^+ (Reuben et a i,  1971). The explanation for these phenomena is given 
in Elliott and W orthington (1994).
1.7.2 M odel o f Fisher et al, 1995
This model is based on the structure of the m ethylated chicken Si (Rayment et ai, 
1993) and the structures of the truncated Dictyostelium discoideum 81 with nucleotide 
analogues in the active site (Fisher et a i,  1995; Smith and Ray m ent, 1995, 1996).
The conformational changes in this model are associated with the opening and closing 
of the cleft th a t splits the 50 kDa fragment of the heavy chain into a lower and upper
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domain. These changes are transm itted  via the 20 kDa segment to the rest of the 
molecule. It is suggested th a t a hinge is formed between the globular and neck region 
of the  Si. The opening of the cleft occurs in response to binding of ATP and its 
hydrolysis. This reduces the affinity of myosin for actin and is predicted to initiate 
bending of the Si. The Si in a fully bent conformation binds to actin, which is 
suggested to cause the lower 50 kDa domain to move so tha t the cleft closes again, 
at the same tim e the phosphate is released from the  nucleotide binding site. The 
conformational change, induced by closing of the cleft, is proposed to constitute the 
power stroke.
1.8 Aims of the thesis
The following aims were formulated at the onset of this thesis:
1. Calculation of the net electric charge, from the amino acid sequence, for all the 
main muscle proteins for which the sequences had been determined.
2. Critical evaluation of the electrode techniques for the measurement, of the Don- 
nan potential for soluble and filamentous muscle proteins.
3. D eterm ination of any differences in the net electric charge and its distribution 
between the subfragm ent-1 of myosin and its m ethylated form th a t could account 
for the ability of the latter to crystallize.
4. Elucidation of the charge of the thin filament and its components aa a function 
of the free Ca '^*’ concentration in order to extend the understanding of the 
mechanism of the Ca^ "*" regulation of muscular contraction.
1.9 Outline of research
C h a p te r  2 contains the description of the experimental techniques and computational 
m ethods used throughout this thesis.
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The results of the studies are presented in c h a p te rs  3, 4 and 5.
The effect of m éthylation on the charge of heavy meromyosin (HMM) is investigated 
in c h a p te r  3. The HMM was isolated from rabbit and reductively m ethylated. The 
degree of HMM m éthylation W cis checked by amino acid analysis and the ATPase 
activity of HMM and m ethylated HMM was measured. The molecular charge of both 
proteins was determined with macroelectrodes using the Donnan potential technique. 
Also the effect of a difference in the pK^ values of lysine and N '-dimethyllysine on 
the electric charge of these residues, was considered at various values of pH. The 
distribution of lysine and other charged residues in the structure of myosin S i, was 
analysed by visualizing these residues in the Si structure of Paym ent et a l  (1993).
C h a p te r  4 is a study of the macro- and microelectrode techniques for measuring the 
Donnan potentials in protein solutions. The drifts in potentials, observed for macro­
electrodes, were examined and their cause established. The effect of the rate of KCl 
leakage and sample com partm ent geometry, on the values of the obtained potentials, 
was also studied. The possibility of using samples of smaller volume was investigated 
by measuring the charge of b ov in e serum  a lb u m in  (BSA) as a fu n ction  of pH uSiiig 
two different sample volumes. The microelectrode technique was applied to  protein 
solutions. Microelectrodes with resistance less than 1 MH were used; these had been 
obtained by removing the tips of sharp electrodes. A structural analysis of the tips 
of microelectrodes was carried out. The KCl leakage rates for microelectrodes of var­
ious tip sizes were measured. A procedure for manufacturing lasting microelectrodes 
giving reproducible results in protein solutions, was developed. The effect of sample 
viscosity on electrode measurements was also investigated.
The effect of the concentration of free Ca^ "*" on the charge of the proteins of the thin 
filaments is investigated in c h a p te r  5. Alao a parallel study was conducted on BSA. 
Suitable low ionic strength conditions for the preservation of the binding between F- 
actin and the tropomyosin-troponin complex (Tm -tn) were initially determined. The 
charge on F-actin, Tm -tn and reconstituted thin filaments (RTFs) was m easured using
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microelectrodes, whereas the charge on BSA was determined with the macroelectrode 
technique.
A p p e n d ix  B contains the values of the physical param eters characterizing the main 
muscle proteins determined from their amino acid sequences. These param eters in­
clude: number of residues, molecular weight, molecular and specific charge at pH 7.0 
and isoelectric point.
The overall conclusions and suggestions for future work are presented in c h a p te r  6.
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C h a p t e r  2
M e t h o d s
2.1 Experim ental solutions
Analar grade reagents were used to prepare all solutions. All experimental solutions, 
except for the series with varying pCa, were prepared with water from the Elgastat 
Option 3 water purification system, which utilizes processes of reverse osmosis, ad­
sorption, deionisation and ultraviolet irradiation to achieve water purity higher than 
tha t of distilled water (i.e. of conductivity cr < I //S-cm”  ^ at 25®C).
Care was taken while preparing solutions with varying pCa in order to obtain the 
desired concentrations of free Ca^"^. W ater purified in an Elgastat UHQ PS water 
purification unit was used since it provided a source of greater purity than  double 
distilled water (i.e. of conductivity a  <  0.08 /LtS-cm"  ^ at 25°C). Solutions were pre­
pared and stored in plastic containers since glass is known to release calcium. The 
solutions were weighed to avoid the use of glass volumetric flasks. Since the experi­
mental solutions were dilute (of ionic strength less than 0.1 M), the difference between 
the concentration per weight and volume was negligible, hence concentrations were 
expressed in moles per litre. Since it is impossible to achieve free Ca^ "*" concentra­
tions lower than  0.2 /iM in physiological strength buffers without using EGTA (Celio 
et a i,  1996), a Ca-EGTA buffer system was used to obtain solutions with the desired 
concentrations of free Ca^ "**.
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A frequently used solution was the rigor solution (buffer R). Its composition approx­
imates the composition of the intracellular fluid in the absence of ATP. Buffer R 
contained 0.1 M KCl, 2.5 mM M gC^, 20 mM potassium phosphate, pH 7.0 (as in 
Bartels and Elliott, 1981). The composition of other solutions used will be given in 
the sections where their use is described.
2.2 Protein concentration determ ination
Two methods were used for protein concentration measurements:
1. The m icrobiuret m ethod, essentially as described by Goa (1952). The protein 
sample was made up to 0.5 ml with deionized H2O. The addition of 3.5 ml of 
3.4% NaOH was made followed by mixing. After addition of 0.2 ml of Benedict’s 
reagent, the m ixture was left for 15 minutes. Following this, absorbance was 
read at 330 nm in a Cecil 4000 spectrophotom eter (Elegant Technology). Protein 
concentration of all samples was calibrated against BSA protein concentration 
standard solutions from Sigma. Amounts of protein between 0.1 and 2 mg could 
be detected with this method.
2. Ultraviolet absorbance at 280 nm. Protein solutions were diluted with an ap­
propriate buffer and the absorbance at 280 nm was measured in 3 ml quartz 
cuvettes in the Cecil 4000 spectrophotom eter. Extinction coefficients used are 
given in the sections where the application of this method is described.
2.3 Protein  isolation
Isolation of all the proteins used was performed, except for bovine serum albumin 
(BSA) which was purchased from BDH. Rabbit heavy meromyosin (HMM) was also 
purchased from Sigma, its purity was checked by sodium dodecyl sulphate polyacry­
lamide gel electrophoresis (SDS-PAGE), as described in section 2.4.1, and it proved 
unsatisfactory. The preparation was a m ixture of fragments of various molecular
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weights which did not correspond to the fragments th a t should be present. There was 
no band corresponding to the heavy chain of molecular weight 140 kDa at all, which 
suggested tha t its degradation had taken place. It was therefore decided that I should 
isola,te the protein myself. In the case of actin, the commercially available protein was 
prohibitively expensive in the quantities required. This m eant th a t a considerable 
proportion of tim e would be devoted to protein isolation.
All the proteins were isolated from rabbits which were obtained from the Park Farm, 
University of Oxford. They were killed by an intravenous injection of 3 ml of 
20% sodium pentobarbitone by a member of staff at the Park Farm. After quick 
skinning, the leg and back muscles were placed on ice for 1 hour during which tim e 
they were brought to the Oxford Research Unit.
2.3.1 H eavy meromyosin  
C rude m yosin
Myosin was isolated from rabbit leg and back muscles using a procedure modified 
from Starr and Offer (1982). A Guba-Straub solution (0.3 M KCl, 0.155 M potassium 
phosphate, pH 6.4) was pre-chilled in an ice-salt bath to about -4°C. All the steps, 
apart from centrifuging, were carried out in the cold room at 6°C. The muscles were 
minced twice in a hand mincer tha t had been pre-chilled on ice. After adding three 
volumes of Guba-Straub solution, the suspension was stirred gently in an ice-salt 
bath with a motor driven overhead stirrer for 10 minutes (Silverson laboratory mixer- 
emulsifier tha t had been modified to stir solutions slowly) and centrifuged at 5 000 x g 
at 2°C in a Beckman 16 rotor for 10 minutes (average centrifugal forces are always 
given). The supernatant was filtered through 4 layers of sterile gauze and its volume 
was measured. Fourteen volumes of pre-chilled solution of 2 mM /?-mercaptoethanol, 
0.1 mM EDTA, pH 7.5, were added to the supernatant. After 2 hours the precipitate 
was collected by syphoning off as much of the supernatant as possible and centrifuging 
the rest at 5 000xg at 2°C in a Beckman 16 rotor for 10 minutes. The same bottles
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were reused until all the precipitate was collected. The pellet was dissolved in 20 ml 
of 0.5 M potassium phosphate buffer (pH 6.7), 3 M KCl, containing freshly added 
2 mM DTT. This was followed by a dilution with 2 mM DTT up to 200 ml and
1 hour centrifugation at 100 000x g at 2°C in a Beckman 90Ti rotor. The supernatant 
was filtered through 4 layers of gauze and the filtrate was diluted with 6.5 volumes 
of cold water. After 25 m inute centrifugation at 5 000xg at 2°C in a Beckman 16 
rotor, the pellet was dissolved in 20 ml of MOPS buffer (3 M KCl, 5 mM MgCU, 
30 mM MOPS, pH 7.0 with 10 mM DTT added on the day of use). The solution was 
then made up to 100 ml with cold water and centrifuged for 2 hours at 125 000xg 
at 2°C in a Beckman 90Ti rotor. Only the top 1/3 of the supernatant was used 
for further purification. At this stage the concentration of myosin was measured 
spectrophotom etrically at 280 nm using an extinction coefficient 5.3x10^ cm^-g“  ^
(Margossian and Lowey, 1982) and the yield was determined. The myosin was left on 
ice overnight.
Iso lation  o f H M M  from  crude m yosin
HMM was obtained by myosin digestion with a-chym otrypsin (Sigma, type VII from 
bovine pancreas). The myosin solution was warmed up to 25°C. Chymotrypsin was 
dissolved in the above MOPS buffer at the concentration 1.1 m g/m l and added to 
myosin in the ratio 1:800 by weight. Digestion was stopped after 8 minutes by adding 
0.2 M PMSF in ethanol to a concentration of 0.5 mM with stirring and placing the 
solution on ice. Subsequently the solution was dialysed overnight in the cold room 
against 2 / of 30 mM KCl, 5 mM MOPS, pH 7.0 buffer in’order to precipitate light 
meromyosin (LMM) and undigested myosin. Digestion products were separated by a
2 hour centrifugation at 125 000 x g at 2°C in a Beckman 90Ti rotor: the supernatant 
contained the HMM. Protein concentration was determ ined spectrophotom etrically at 
280 nm using an extinction coefficient 6.0x10^ cm^-g“  ^ (Margossian and Lowey, 1982). 
The yield was about 0.3 g per gram of crude myosin used, which is approximately 
40% of the maximum theoretical yield. Aliquots of 5 and 10 mg were frozen in an
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ethan.ol/C02 bath  and stored frozen until further required. The protein was used 
within 5 months.
2.3.2 M ethylated heavy meromyosin
The m éthylation was carried out following the procedure for the subfragm ent- 1 of 
myosin (S i) as outlined in Rayment et a l  (1993), with minor modifications. Heavy 
meromyosin, obtained as described in section 2.3.1, was thawed and diluted to 
5  m g/m l. It was then dialysed against 1 / of 1 mM MgCU, 0 .2  M potassium  phos­
phate, pH 7.5 at 6 °C. A I M  solution of dimethylamine-borane complex (DMAB, 
Aldrich Chemical Co.) and a 1 M solution of formaldehyde (purchased as 37% solu­
tion from Sigma) were freshly prepared before use. 20 /il of 1 M DMAB and 40 /il 
of 1 M formaldehyde per ml of protein were added with rapid stirring and the solu­
tion was left at 4°C. This step was repeated after 2 hours and then, after a further 
2 hours, 10 /il of DMAB per ml of protein were added. The reaction m ixture was 
incubated at 4°C in the dark (in a fridge). The reaction was stopped after 18 hours 
by addition of 3.8 M ammonium sulphate to  a concentration of 1 M. The protein 
solution was dialysed exhaustively to  remove traces of ammonium sulphate against 
30 mM KCl, 5  mM MOPS, pH 7.0 buffer and concentrated by adding polyethylene 
glycol (of MW 20 kDa) to the dialysis buffer. Aliquots of m ethylated HMM were 
frozen and stored as for the HMM.
2.3.3 Subfragment-1 o f myosin
SI was obtained by enzymatic digestion of myosin tha t had been isolated using the 
method of S tarr and Offer (1982), in its original form or with the modifications de­
scribed in section 2.3.1. Papain digestion was attem pted according to  the method 
of Margossian and Lowey (1982) in the presence of MgCU in order to  obtain the SI 
with all the light chains intact. Also, the digestion in the presence of EDTA was 
tried in order to obtain Si without the regulatory light chain. In both cases, how­
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ever, degradation of the heavy chain occurred, resulting in the preparation containing 
mostly a fragm ent of a molecular weight approxim ately 70 kDa, as determined by 
SDS-PAGE. The a-chym otryptic digestion according to the method of Weeds and 
Taylor (1975) also gave an unsatisfactory result. These preparations were not used 
for any measurements.
2.3.4 A ctin
A ceto n e  pow der
The procedure of Pardee and Spudich (1982) was used, with just one modification in 
the initial myosin extraction. The back and leg muscles were obtained in the usual way 
as described in section 2.3. All the steps, except for the centrifugation, extractions 
with acetone and drying of the powder, were carried out in the cold room at about 
8 °C. The muscles were minced in a hand mincer and after adding three volumes of 
0.3 M KCl, 0.15 M potassium phosphate, pH 6.5 solution, pre-chilled on ice, the 
suspension was stirred gently with a motor driven overhead stirrer for 15 minutes and 
centrifuged at 2  500x g at 4°C in a Beckman 16 rotor for 10 minutes. The pellet froin 
this centrifugation was extracted with 2 /o f 0.05 M NaHCOa by stirring for 10 minutes 
with an overhead motor stirrer. This and subsequent extraction solutions had been 
pre-chilled to 4°C, except for acetone which had been cooled to below 20°C. The 
muscle suspension was filtered through 3 layers of sterile gauze and the residue was 
extracted with 1 / of 1 mM EDTA, pH 7.0, by stirring for 10 minutes. It was filtered 
as previously and then extracted twice with 21 of water for 5 minutes. Finally the 
muscle was extracted 5 times with 1 / of acetone, filtering through 4 layers of gauze 
each time. The residue was placed in large glass dishes, covered with filter paper and 
left to dry overnight in a fume cupboard at room temperature. The next morning 
the acetone powder was weighed and placed in bottles tha t were stored in a freezer 
at -2 0 °C in sealed bags containing silica gel. The yield was about 8 g of powder per 
1 0 0  g of muscle mince.
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Iso lation  o f actin  from  th e  acetone pow der
Actin was isolated from powder using the procedure of Pardee and Spudich (1982). 
Two protocols were followed: one for faster isolation of smaller quantities of the pro­
tein (starting from 4 g of acetone powder) and the other one for isolation of larger 
quantities (starting from 10 g of acetone powder). The la tter involved longer centrifu­
gations of larger volumes at lower speeds. In one isolation the powder was blended 
in the Magimix 2000 blender (Robot Coupe, France) by applying three 2 s pulses, 
but this did not increase the yield and was not used in other isolations. A solu­
tion of 0 .2  mM Na2ATP, 0.5 mM /?-mercaptoethanol, 0 .2  mM CaCU, 0.005% NaNa, 
2  mM Tris-HCl, pH 8.0 (at 25°C) was prepared. The pH of this solution was adjusted 
with 1 M HCl before adding /?-mercaptoethanol. Acetone powder was stirred m anu­
ally with 20 ml of the above Tris-HCl buffer per gram of powder in an ice-salt bath (at 
0-0.5°C) for 30 minutes in order to extract actin in the monomeric form (G-actin). 
The m ixture was centrifuged at lOOOOxg in a Beckman 16 rotor for 15 minutes at 
4°C. The pellet was re-extracted with 15-20 ml of the same Tris-HCl buffer per gram 
of powder and filtered through 4 layers of sterile ga,u7.e into the supernatant from 
the centrifugation. All subsequent steps were carried out at 4°C. The combined ex­
tract was centrifuged at 19 0 0 0  x g in a Beckman 16 rotor for 50 minutes to clarify the 
solution of G-actin. The supernatant was decanted and its KCl concentration was 
brought up to 50 mM, MgCU to 2 mM and Na2ATP to 1 mM. This solution was left 
in the fridge for 2  hours during which tim e polymerization of G-actin into filamentous 
F-actin took place. Solid KCl was then slowly added to a final concentration of 0.6 M 
and the solution was stirred with a magnetic stirrer for a further 30 minutes in order 
to dissociate tropomyosin. If only 4 g of powder were used initially, then the solution 
was centrifuged in a Beckman 90Ti rotor at 155 0 0 0 x g for 1.5 hours. If larger quan­
tities of powder were used, as the starting m aterial, then an 11 hour centrifugation 
in a Beckman 16 rotor at 22 0 0 0 x g was required. The pellet from this centrifuga­
tion, containing F-actin, was homogenized into 10 ml (per gram of powder) of the 
Tris-HCl buffer containing also 50 mM KCl, 2 mM MgCU and it was re-sedimented
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in a Beckman 90Ti rotor at 155 0 0 0  x g for 1.5 hours. This wash was performed to 
remove any proteases before the depolymerization of F-actin into G-actin, which is 
more susceptible to proteolysis. The pellets from this centrifugation were thoroughly 
rinsed with the Tris-HCl buffer and then gently homogenized with 3 ml of the same 
buffer per gram of acetone powder. The homogenate was dialysed against Tris-HCl 
buffer with 5 changes at about 12 hours intervals. After the dialysis, the protein 
solution was centrifuged in a Beckman 90Ti rotor at 155 0 0 0  x g for 1.5 hours; the su­
pernatant contained G actin. Its concentration was measured spectrophotomotrically 
at 280 nm using an extinction coefficient 1.097x10^ cm^-g“  ^ (Rees and Young, 1967). 
The typical yield was about 10 mg of G-actin per gram of acetone powder used.
At this stage G-actin could be used to form reconstituted th in  filaments as described 
in section 2.3.6. Otherwise G-actin was polymerized by addition of KCl up to 50 mM, 
MgCU to 1 mM and Na2ATP to 1 mM. The concentration of NaNa was increased to 
0.02% at this stage. After polymerizing for 2 hours in the fridge, the solution was 
centrifuged in a Beckman 90Ti rotor for 1.5 hours at 155 000 xg. The pellet contained 
F-actin.
2.3.5 Tropomyosin-troponin com plex
The procedure of Murray (1982) was used to dissociate the tropomyosin-troponin 
complex from the thin filament at very low ionic strength.
Crude trop om yosin -trop on in
Muscle mince was obtained as described in section 2.3.4. It was extracted with 21 of 
0.3 M KCl, 0 .0 2  M EDTA, 5 mM MgCU, 1 mM Na2ATP, 0.15 M potassium  phosphate, 
pH 6.5 per kilogram of mince for 15 minutes using a m otor driven overhead stirrer. The 
m ixture was then diluted 4-fold with cold water at 4°C and filtered through 3 layers 
of gauze. The residue was re-suspended in 3 ml of 20 mM KCl, 0 .2  mM NaHCOg per 
gram of muscle, stirring for 10 minutes with the m otor stirrer and filtered through 4
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layers of gauze. This was repeated once with 20 mM KCl, 0.2 mM NaHCOa and twice 
with cold water. Subsequently the washed residue was mixed with an equal volume 
of cold w ater and the suspension was blended in the Magimix 2000 blender for 5 s. 
After adding NaNa to a 1 mM concentration, the suspension was stirred slowly with 
the m otor stirrer for 4 hours at room tem perature and then left at 4°C overnight. The 
following day the solution was centrifuged at 16 0 0 0  x g for 15 minutes in a Beckman 16 
rotor a t 4°C. The supernatant was subsequently freeze-dried in an Edwards Modulyo 
freeze-drier and stored at -20°C. The yield of crude tropomyosin-troponin complex 
was about 0 .6  g from 1 0 0  g of muscle mince.
P u rified  trop om yosin -trop on in
Freeze-dried crude protein complex was dissolved in 0 .2  mM DTT, 10 mM Tris-HCl, 
pH 7.4 buffer at a concentration of 1 0  m g/m l. KCl was added to 0.1 M and MgCl; 
to 2 mM in order to polymerize the G-actin present in the solution. Under these 
rigor conditions, myosin remained bound to actin and it was possible to remove the 
F-actin, together with myosin and insoluble m aterial by a 2 hour centrifugation at 
150 OOOxg in a Beckman 90Ti rotor a t 4°C. NaNs was added to the supernatant to 
the concentration of 0.005%. Partially denatured actin th a t did not polymerize in the 
previous step could be polymerized by addition of Nag ATP to 0.1 mM concentration 
and removed by centrifuging at 155 OOOxg in a Beckman 90Ti rotor at 4°C. The typical 
yield of tropomyosin-troponin complex in the  supernatant was approxim ately 300 mg 
per gram of crude preparation as determined with the m icrobiuret m ethod described 
in section 2.2. The protein was either used immediately for the reconstitution of thin 
filaments (next section) or stored on ice until further required. The storage period was 
no longer than three weeks for the protein used in the Donnan potential and viscosity 
measurements of chapter 4. The protein used in the Donnan potential measurements 
described in chapter 5 was used within one week.
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2.3.6 R econstituted  thin filaments
The procedure of M urray (1982) was implemented, with one modification. The ratio 
of tropom yosin-troponin to G-actin used for the reconstitution, was 1.5 by weight. 
G-actin was isolated as described in section 2.3.4. Tropomyosin-troponin complex 
in 0.1 M KCl, 0.1 mM NagATP, 2 mM MgClg, 0.2 mM DTT, 10 mM Tris-HCl, 
pH 7.4, was combined with the G-actin solution. The composition of the medium was 
adjusted to  contain 0 .1  M KCl, 2 mM MgCU and 10 mM Tris-HCl, pH 7.0. The mix­
ture was stirred briefly and incubated at 15°C for 45 minutes. It was then centrifuged 
at 155 OOOxg for 1.5 hours at 4°C in a Beckman 90Ti rotor. The pellets contained 
reconstituted thin filaments which were used in experiments. The supernatant, con­
taining the excess tropomyosin-troponin complex which had not been incorporated 
into thin filaments, was discarded.
2.4 Protein purity assessment
2,4.1 SDS-PAGE electrophoresis
A dissociating discontinuous buffer system based on the m ethod of Lciemmli, as de­
scribed in Hames and Rickwood (1981), was used.
Mini gels of 0.75 mm thickness were cast in a M ini-Protean II electrophoresis cell 
and the electrophoresis was performed using a Biorad Powerpac 300 at 200 V and 
constant power for about 45 minutes. Coomassie brilliant blue R250 in 7% acetic 
acid, 40% methanol was used to fix and stain gels. Gels were scanned with an LKB 
Bromma Ultroscan XL laser densitom eter and photographed with Polaroid MP-4 
camera on Polaroid 665 films using a yellow filter from the M P-4+ filter kit.
The ratios of the protein components in a preparation were determined by cutting 
and weighing corresponding peaks from the gel scan. Only the values obtained from 
the linear range of the relationship between the peak area and protein quantity for
63
all the  protein bands considered were taken.
2.4.2 ATPase activity assay
The am ount of inorganic phosphate produced in ATP hydrolysis was measured by the 
m ethod of Pollard k  Korn as given in Pollard (1982). The ATP hydrolysis reaction 
conditions were as used by Margossian and Lowey (1982) except th a t the protein 
concentration was approximately 25 /tg/m l as opposed to 50 /tg /m l in the original 
assay. This modification was made in order to obtain a suitable range of absorbance 
values. The hydrolysis reaction conditions were:
• in the presence of Ca^"^:
0.23 M KCl, 2.5 mM CaClg, 2.5 mM NagATP, 50 mM Tris-HCl, pH 7.9,
• in the presence of EDTA:
0.6 M KCl, 1 mM EDTA, 2.5 mM NagATP, 50 mM Tris-HCl, pH 7.9.
2.4.3 Am ino acid analysis
Amino acid analysis was performed on HMM and m ethylated HMM in order to verify 
whether the desired modification had actually taken place.
500 picomols of nor-leucine were added to samples as an internal standard prior to 
hydrolysis with HCl a t 110°C for 2 2  hours. Samples were then applied to an Ap­
plied Biosystems 420A derivatiser/analyser where phenylthiocarbam yl amino acids 
were formed by derivatisation with phenylisothiocyanate. These were autom atically 
applied to a C-18 reversed phase high performance liquid chromatography column 
which had been equilibrated at 34°C in 7% of buffer B in buffer A, where buffer A 
was 150 mM sodium acetate, pH 5.5, and buffer B was 70% acetonitrile in water. 
Elution was carried out with eluent B in 3 steps of linear gradients to 100% of B over 
25 minutes. Absorbance at 269 nm was recorded and the amino acid content in the 
sample was calculated using an ABl 920A data  analysis system.
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M ethylated derivatives of lysine were used as external standards. N‘-methyllysine and 
N '-trim ethyllysine were purchased from Sigma and N‘-dimethyllysine was purchased 
from Bachem, California.
2.5 Experimental determ ination of the net electric 
charge
The net electric charge of a protein was determ ined from its Donnan potential, protein 
concentration and ionic composition of the solution in which the Donnan potential 
was measured. Equation 1.6, given in section 1.5, was used to calculate the net electric 
charge of a protein.
The Donnan potential and protein concentration were determined experimentally 
whereas the ionic composition was calculated using the P e r r i n  program (Abbott, 
1976) with the stability constants given in appendix A. The techniques used for the 
Donnan potential measurements and ionic composition calculations are described in 
detail in sections tha t follow. The protein concentration was determined using the 
m icrobiuret method described in section 2 .2 .
2.5.1 Donnan potential macro electro de m easurem ents
A macroelectrode technique developed by Ojteg et al. (1989) was used to measure 
the Donnan potential tha t exists between two com partm ents separated by a semi- 
p crm eab lc  membrane when one of the com partm ents contains charged non-permeating 
protein molecules. A schematic diagram of the experimental set-up, with both the ref­
erence and measuring electrodes surrounded by sacks made of semi-permeable mem­
brane, is given in figure 2 .1 . T he original set up of Ojteg et al. (1989), with the 
measuring electrode inside a dialysis sack and the reference electrode in the outer 
buffer, was also used. The beaker with the buffer, samples and electrodes were placed 
inside an earthed Faraday’s cage.
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Figure 2.1: A schematic diagram of the experimental set-up for the Donnan potential 
macroelectrode measurements.
The set-up with both the reference and measuring electrodes in the dialysis sacks 
was introduced in the expectation th a t the potentials resulting from the KCl outflow 
through the porous pin of the electrodes filled with saturated  KCl would cancel out 
due to the sym m etry of the system. Later though, we decided to investigate these 
phenomena and went back to the original one sack system.
Protein solutions were dialysed at 0-8°C against 1 1 of the appropriate buffer overnight, 
in cellulose dialysis tubing with 12-14 kDa cut-off. The measurements were made 
with a set of two calomel electrodes (K422 or REF401 from Radiometer Copenhagen) 
connected to a Servogor 120 chart recorder (BBC Goerz M etrawatt) and a Metex 
M-4600 m ultim eter (Testlab).The chart recorder and m ultim eter had impedance of 
approximately 10 Mf2 each. The resistance of the electrodes was approximately 9 kH 
as measured with the Metex M-4600 m ultim eter in a solution of ionic strength around 
20 mM. Two types of dialysis tubing were used to make the semi-permeable sacks: 
14.3 mm in diam eter from Medicell International, for 1 ml samples, and 6 mm in 
diameter from Sigma, for samples with 0.25 ml volume. Both types of tubing had a
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MW cut-off of 12-14 kDa. The tubing was prepared in the standard way and stored 
in deionized water at 4°C with addition of 1 ml of chloroform per litre. It was soaked 
in 0 .5 / of the appropriate buffer at 4°C at least overnight before use.
Initially the electrodes were placed in the outer buffer to equilibrate for approximately 
10 minutes. The Donnan potential Ud was obtained as:
U d  —  U p r o t  U r e f
The reference potential Urej was taken as the potential recorded when the measuring 
electrode was in a dialysis sack with buffer and the reference electrode was either 
in the outer buffer (in the set-up with one sack) or in a dialysis sack with buffer 
(in the set-up with 2 sacks). Uprot was the potential recorded when the buffer in 
the com partm ent, where the measuring electrode was immersed, was replaced with 
protein solution. Aliquots of the protein solution (50-100 ^1) were withdrawn and 
used for protein concentration determ ination.
In the experiments described in chapter 3 after the first Donnan potential was mea­
sured, only one aliquot (50-100 /zl) of the protein solution was withdrawn. Then the 
potential Uprot was measured again. The second Donnan potential was calculated us­
ing the reference potential value recorded at the beginning of the experiment. It was 
assumed th a t the reference potential was a result of the electrodes not being identical 
and was a feature of the pair of electrodes th a t would not change during the course 
of the experiment. We took no more than two measurements with each sample since 
transferring the electrode between the two m edia caused dilution of the protein, and 
taking aliquots for protein concentration determ ination, decreased the volume of the 
sample.
The volume of the solution inside the dialysis tubing was either 0.25 ml or 1 ml 
whereas the volume of the external buffer was 1 /. The protein concentrations were 
around 10 m g/m l and the recorded Donnan potentials were of the order 1-3 mV.
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2.5.2 Donnan potenticJ micro electro de m easurem ents
The macroelectrode technique enables measurement of the net charge of proteins in 
solution but we experienced difficulties while using it, the most prominent problem 
being the in terpretation of the unstable potentials which is described in detail in 
section 4 .1 . I therefore looked for modifications of the method or for an alternative 
method to determ ine the net charges on proteins.
The immediate candidates were microelectrodes, which had been used by our labora­
tory before, in work with intact muscle fibres and protein gels. The microelectrodes 
were made from borosilicate glass capillary tubing with external diam eter 1.5 mm and 
length 65 mm (type GCl50f-6.5) obtained from Clark Electromedical Instrum ents, 
England. They were pulled using a vertical microelectrode puller from Scientific and 
Research Instrum ents Ltd, England. The end of the electrode was removed in order 
to obtain electrodes with larger tip size. This was done either by breaking the tip  off 
with forceps or using a microelectrode grinder. Initially a grinder in the laboratory 
of Dr Christopher C. Ashley in the D epartm ent of Physiology, University of Oxford, 
was tried. Then a grinder built by Ted Beaver of the Oxford Research Unit was used. 
No difference was observed in the performance of the microelectrodes produced with 
those two grinders. Electrodes were secured in a microm anipulator and lowered to 
the surface of the grinding disk at an angle. While the disk was moving the electrode 
was gradually lowered, the position of the tip and its bending could be seen under 
a travelling microscope. After the tip  was removed, the electrodes were filled with 
3 M KCl and mounted in Ag/AgCl microelectrode holders from Clark E leclro iiied ica l 
Instruments, England. A REF200 Ag/AgCl electrode from Radiometer, Copenhagen 
was used as a reference electrode. The two electrodes were connected to a resistance 
and voltage m eter of high impedance (lO '^  ^ H) constructed by A. Tuddenham of the 
Meat Research Institu te , Bristol, this m eter being a development of the original design 
by Naylor (1978).
A schematic diagram of the experimental set-up for the microelectrode measurements
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is given in figure 2.2. The beaker with buffer, samples, electrodes and the analog 
resistance and voltage m eter were placed inside an earthed Faraday’s cage. Initially 
Amicon microconcentrators, with a membrane of MW cut-off 10 kDa at the base, 
were used as sample compartments. They proved, rather costly however, and dialysis 
sacks, made of dialysis tubing (6  mm in diam eter with MW cut-off of 12-14 kDa from 
Sigma), were subsequently used. The dialysis tubing sacks were used in all the exper­
iments conducted in solutions with varied free Ca^ """ concentrations. The tubing was 
equilibrated and protein samples were dialysed, as for the macroelectrode measure­
ments. Unlike in the macroelectrode method, the same potential difference appeared 
to exist between the two electrodes, irrespective of whether the microelectrode was 
outside or inside the sack or Amicon microconcentrator, when they contained buffer. 
Hence a decision was made, to use the potential recorded when both electrodes were 
in the outer buffer as the reference potential Unj- The protein sample was placed 
in the sample com partm ent and the potential Uprot measured. The Donnan potential 
was taken as the difference between Uprot and Uref- It was possible to repeat the 
measurements as both Urej and Uprot could be recorded more times. Also, due to 
the small size of the microelectrode tip, the protein transfer to the outside buffer and 
dilution of the sample, were negligible. The microelectrode was transferred between 
the outer buffer and protein sample a number of times (usually 1 0 - 2 0 ) for each elec­
trode and the protein concentration was determ ined afterwards. Each measurement 
was typically taken for about 2 0  seconds, but even if the microelectrode was left in 
the sample com partm ent for several minutes, no drifts in potentials were observed.
2.5.3 Ionic com position o f solutions
Concentrations of ionic species in solution required for equation 1.6 were calculated 
using the com puter program P er r i n  (A bbott, 1976.) which is based on the method 
of Perrin and Say ce (1967).
In this method equilibrium concentrations of m etal ions, ligands and their complexes
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Figure 2.2: A schematic diagram of the experimental set-up for the Donnan potential 
measurements with a microelectrode as the measuring electrode.
are calculated from the pH of the solution, the total concentrations of metals and lig­
ands and the  stability constants for the  formation of the complexes. The calculations 
utilize an iterative algorithm outlined in Perrin and Say ce (1967) which allows the 
simultaneous solution of the equilibrium  equations for all the considered complexes. 
W ith a large and increasing num ber of stability constants available in literature, the 
composition of solutions with m any species can nowadays be known with accuracy, 
provided th a t stability constants used were accurately determined. Hence for our cal­
culations, whenever possible, we used the  so-called critical stability constants. Critical 
stability constants are values selected from literature by th e authors com p ilin g  the ta ­
bles as satisfying rigorous selection criteria. The values of stability constants th a t we 
used to determ ine the composition of our experimental solutions are listed in appen­
dix A.
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2.6 N et charge calculation from the sequence
The net charge of a protein in electronic charge units was calculated as a sum of the 
number of protonated lysine, arginine and histidine residues and amino term ini minus 
the num ber of deprotonated tyrosine, cysteine, glutam ate and aspartate  residues and 
carboxyl term ini, since these are the main ionizable groups th a t contribute to  the 
charge of a protein. The numbers of protonated and deprotonated residues were 
calculated from equations 1.1  and 1 .2 , respectively. Calculations were performed 
using the program Is o e l e c t r i c  contained in the GCG package (Devereux et a/., 
1984) on the Seqnet com puter at Daresbury Laboratory using the pK^ values given 
in table 1.1. It should be noted tha t these calculations did not take into account 
the neutralization of the charges by counterions th a t are present in the double layer. 
Hence the values of the charge calculated in this m anner are the values of the net 
charge of the protein w ithout any bound counterions.
2.7 Kapp m ethod for [Ca^+] calculation
The concentrations of free Ca^+, [Ca^+], in our series of experimental solutions for 
Donnan potential measurements, were calculated using the apparent binding constant 
method as well cts the method of Perrin and Say ce (1967). In the Kapp method one 
association constant, called the apparent binding constant Kapp, is used to describe 
the formation of a Ca-EGTA complex as if it was the only reaction involving calcium 
in solution. The concentration of free Ca^+ can be calculated from the following set 
of equations:
[Ca -  EGTA]
“  [Ca"+] . [EGTA]
[CaSa/1 =  [Ca'+] 4- [Ca -  EGTA] (2 .1 )
[EGTA^aw] =  [E G T A ]-F [C a-E G T A ]
where [Ca^+] and [EGTA] denote concentrations of uncomplexed Ca^+ and EGTA 
respectively, [Ca-EGTA] is the concentration of the Ca-EGTA complex, [Ca^J[^J and
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[EGTAtotai] are total concentrations of calcium and EGTA.
One value of the apparent binding constant is used to describe the formation of 
the many different complexes th a t involve calcium in multicom ponent solutions (see 
table A .l). It is thus im portant, th a t for a given experimental solution, an apparent 
binding constant, tha t had been determ ined under similar experim ental conditions, 
is used. It is rarely the case th a t such a value is available. However, a correction can 
usually be made for differences in ionic strength, pH and tem perature.
2.8 Electrode determ ination of
The free Ca^+ concentration, [Ca^+], in our experimental solutions was determined 
from the potential difference between a reference and Ca^+ sensitive electrode. Two 
types of Ca^+ sensitive electrodes were used: IS 561-Ca (Müller, Switzerland) and 
Elit 041 (Merck, England). An Ag/AgCl electrode REF200 (Radiom eter, Copen­
hagen) was the reference electrode and the potential difference was measured with a 
Metex M-4600 m ultim eter (with 10 Mfi impedance).
Standard and experimental solutions were prepared with special care, as described 
in section 2.1. The standard solutions contained 10 mM KCl (from BDH with Ca^ "*" 
content less than 0.001%) and from 10”  ^ to 10  ^ mM CaCl2 added. This meant th a t 
10 mM KCl alone could contain as much as 10"“^ mM CaCb from its impurities if 
no calcium-EGTA buffer was included. This was, however, the purest KCl found and 
it was also used to prepare the experimental buffers. KCl was introduced into the 
standards as it was the main component of our experimental solutions th a t would 
interfere with the response to calcium -  this is the recommended practice for calibrat­
ing ion specific electrodes (Ammann, 1986). The selectivity coefficient, defined as the 
ratio between an activity of the selected ion and the activity of an interfering ion th a t 
would give an identical electrode response, was 2 x l0 ”‘‘ for K"^  for the Müller elec­
trode, resulting in the electrode responding to 10 mM KCl as to 2 x 1 0 “ ® mM Ca^"^.
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The selectivity data  were not available for the Merck electrode.
The measurement was performed by placing the reference and Ca^'^ sensitive elec­
trodes into 1 0 0  ml of solution and recording the value of the potential difference after 
allowing the electrodes to equilibrate for about 1 minute after which tim e the readings 
became stable. The same sample was used for the measurement with the Müller and 
subsequently the Merck electrode for direct comparison. The resistance of the circuit 
was 2.5 MH (with the Müller electrode) and 1 Mf2 (with the Merck electrode) in a 
10 mM KCl solution.
2.9 V iscosity measurements
The capillary viscometry method was used to determ ine the apparent kinematic vis­
cosity, 77**” , of our protein solutions. The apparent kinematic viscosity is defined as 
the dynamic viscosity of a liquid divided by its density and measured at particular 
shear rate. Protein solutions are in generally non-Newtonian fluids, for which the 
dynamic viscosity varies with shear rate.
The tim e of flow of the sample through a section of a capillary tube under hydrostatic 
pressure was measured with a Weber BS748 capillary viscometer. The tem perature 
was m aintained at 20.0±0.5°C by placing the samples on a water bath  and equilibrat­
ing them  before starting measurements. The capacity of the viscometer and sample 
volume were 0.37 ml and 0.5 ml respectively. A timing device with accuracy to hun­
dredths of a second was used. For protein solutions, a series of dilutions was made 
in the following way: after measuring the flow times for a protein solution, 10 0  /il 
was withdrawn and replaced with the same volume of buffer. The viscometer was 
then rinsed three times with the diluted protein solution in order to mix it well with 
any protein th a t was left in the instrum ent and then the flow of the solution was 
timed. Following this, a specified amount of protein solution was again withdrawn 
and replaced with buffer. This procedure was continued in order to obtain a series of
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dilutions of the initial solution. The buffer used in these experiments was 10 mM KCl, 
0.5 mM MgCL, 0.4 mM CaCl2 , 0.6 mM EGTA, 2  mM potassium phosphate, pH 7.0. 
The viscometer was cleaned thoroughly between the measurements for different pro­
teins and standards. The viscometer was calibrated with aqueous solutions of glycerol 
using the data  from Weast (1974) to obtain the apparent kinem atic viscosities for the 
protein solutions.
2.10 Conductivity measurements
The electrical conductivity method was applied to determ ine the rate of outflow of KCl 
from inside the electrodes through a macroelectrode porous pin and microelectrode 
tip. The electrodes were left with their ends immersed in 12  ml of 10 mM KCl at 25°C 
for 1 hour, this volume of the solution was used due to the size of the conductivity 
probe. Subsequently the electrical conductivity of the solutions and KCl standards 
was m easured using a digital conductivity m eter PTI-18 from D ata Scientific. The 
accuracy of the m eter was better than 0.5% over the whole range.
2.11 Diffusion potentials
2.11.1 M easurem ents
Diffusion potentials of NaCl were measured with macroelectrodes initially in order to 
check whether the method of Ojteg et a l  (1989) was being applied correctly. Since it 
was not possible to reproduce the diffusion potentials obtained by Ojteg et ai (1989), 
the problem was investigated. NaCl diffusion potentials were measured using different 
concentration gradients, electrodes and preparation procedure of the dialysis tubing.
NaCl solutions of different concentrations were prepared and the dialysis tubing was 
always equilibrated (at least overnight) in the weaker one of the two solutions, intended 
to create the concentration gradient. The reference potential for these measurements
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was taken as the potential recorded when both electrodes were in 1 / of the weaker 
solution. Potentials Uo and Udif were recorded when 1 ml of the weaker and stronger 
solution was placed inside the dialysis sack, respectively. The potentials were recorded 
with a chart recorder and digital m ultim eter, mentioned in section 2.5.1.
2.11.2 Calculations
All equations and the values of param eters used were taken from Ammann (1986). 
The diffusion potentials Udif were calculated using the Henderson equation:
where z,-, Ui, o*, denote the valency, mobility, activity in the first phase and activity 
in the second phase of ion z, respectively, with n being the to tal num ber of ion types 
present, R  is the gas constant, T  absolute tem perature and F  is the Faraday constant.
The concentrations were multiplied by the activity coefficients 7  to obtain the activ­
ities. The activity coefficients were calculated from the Hiickel equation:
where I  is the ionic strength, z+, z_ are valencies of the cation and anion of the 
electrolyte, a and C  are Debye-Hückel param eters for a given electrolyte, A  and B  
are constants for a particular solvent.
The potential difference measured between two electrodes separated by a semi- 
permeable membrane, across which a potential difference exists, is a sum of the po­
tential across the membrane and two diffusion potentials at the electrodes (Ammann, 
1986). These potential differences are inseparable. Hence in order to compare the 
experimental values of the diffusion potentials with those predicted by theory, the 
theoretical values were corrected by also considering the two additional potentials on 
the electrodes.
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2.12 Experim ental error
Most of the results are expressed as mean values ±  standard deviation (SD). The 
standard deviation was always calculated from replicate values, with one exception. 
In the case of the  molecular charge of the RTFs derived from the measured values of 
the charge for F-actin and Tm -tn, the error was calculated using the propagation of 
error formula:
+  • • • +  ( -^y iAxnÿ  (2.4)
where A y  is the error of the quantity y derived as y =  /(a :i, • • •, z*), /  is a function 
of n  quantities X{ with standard deviations Az*, where i =  1 , • • •, n.
2.13 Statistical analysis
It was assumed th a t the variables had normal distributions. Population variances 
were compared using two-sided Fisher test. The significance of difference between 
two means was tested using two-sided Student t-test for means with equal or unequal 
variances, depending on the result of the Fisher test. The values of the slope of linear 
regression curves were also compared using Student t-test.
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C h a p t e r  3 
E f f e c t  o f  m é t h y l a t i o n  on  t h e  c h a r g e  
o f  h e a v y  m e r o m y o s i n
3.1 Introduction
The structure of subfragment- 1 of chicken myosin was solved by Paym ent et al. (1993), 
using crystals of reductively m ethylated protein. In the process of reductive m éthy­
lation, 97% of the lysine residues were converted to N '-dimethyllysine.
This modification affects the kinetic properties of the Si ATPa.se. The steady state 
rate of MgATP hydrolysis is increcised 4- to 5-fold in the absence of actin whereêis the 
maximum steady state rate in the presence of saturating actin, is decreased 1 0 -fold, 
as has been reported for the Si from chicken (W hite and Paym ent, 1993) and for the 
Si and heavy meromyosin (HMM) from rabbit (Phan et a/., 1994). The Ca^'^-ATPase 
activity is almost 4 times higher for m ethylated rabbit Si and the K'*'(EDTA)-ATPase 
is lowered to only 8 % of the value for the native protein (Phan et oZ., 1994).
In vitro motility assays of rabbit HMM reveal tha t the m ethylated protein suffers com­
plete loss of ability to move actin filaments (Phan et a/., 1994). Since the MgATPase 
activity and actin activated activity of m ethylated rabbit HMM and Si are changed in 
the same way in relation to the activities of the native proteins (Phan et aZ., 1994), it is 
highly likely th a t the m ethylated Si also would be unable to support actin movement.
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It is interesting to note tha t the m ethylated S i can be crystallized whereas it has 
not been possible to crystallize the native SI so far. An im portant question arises 
as to whether the structure of the m ethylated Si is a valid model for the structure 
of the native protein. A study of Rypniewski et al. (1993) showed that this kind 
of modification had little  effect on the structure of hen egg-white lysozyme. The 
methylated lysozyme, however, retains almost full catalytic activity (Fretheim et a/., 
1979).
The pKa values for lysine and N^-dimethyllysine have been measured by proton mag­
netic resonance spectroscopy by Bradbury and Brown (1973) as 10.9 and 10.3 respec­
tively. The same method applied to m ethylated hen egg-white lysozyme, resulted 
in distinct resonances for the six N"-dimethyllysine residues with pKa values ranging 
from 9.6 to 10.2 (Bradbury and Brown, 1973). NMR studies of bovine ribonucle- 
ase A resulted in pKa values for N"-dimethyllysine residues ranging from 9.0 to 10.2 
(Jentoft et al., 1979) and similar studies of bovine a-lactalbum in gave a range of pKa 
values from 9.1 to 10.8 (Gerken, 1984). These findings indicate th a t N"-dimethyllysine 
residues can have pKa values shifted down by as much as 2  units depending on the 
local environment. Such a pKa shift would be expected to increase the net negative 
charge of the protein molecule at pH values around these pK^s, since it would reduce 
the positive contribution of the lysine residues tha t had been modified.
An investigation was performed as to the effect of reductive m éthylation on the charge 
of a protein. An initial consideration involved using chicken myosin 81. However, Pay­
ment et al. (1993), reported problems with obtaining chicken 81 without proteolytic 
cleavages in the essential and regulatory light chains due to the lack of specificity of 
papain. An improved isolation protocol, which was applied to prepare the crystals 
used for solving the structure, was not published at the time. 8 ince the méthylation 
was shown to have a similar effect on the MgATPase and the actin-activated ATPase 
of chicken and rabbit 81 as well as rabbit HMM, those two proteins were candidates 
for our experiments. An attem pt was made to isolate rabbit 81, using both papain
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and a-chym otrypsin, as described in section 2.3.3, but in all cases a proteolytic degra­
dation of the heavy chain (to a fragment of MW approxim ately 70 kDa) was detected 
by SDS-PAGE. A decision was made to  purchase rabbit HMM from Sigma. The 
purity  of the protein was checked by SDS-PAGE and it was unacceptable (see sec­
tion 2.3). Rabbit HMM was therefore isolated, following the procedure described in 
section 2.3.1. The protein obtained was of high purity.
The experiments described in this chapter were performed on isolated rabbit HMM, 
part of which was m ethylated, the m éthylation procedure was carried out in two 
batches. The extent of m éthylation was confirmed by amino acid analysis of HMM 
and m ethylated HMM (m-HMM). The Ca^+ and K+(EDTA)-ATPase activities were 
determ ined and measurements of the net electric charge of HMM and m-HMM were 
performed. Analysis of the Si and HMM sequence and of the Si structure was made.
3.2 Results
3.2.1 SDS-PAGE electrophoresis
The purity  of isolated proteins was checked by SDS-PAGE using the system described 
in section 2.4.1 a t a number of gel concentrations (7.5%, 10%, 12.5% and 15%). At 
concentrations lower than 15%, some or all of the light chains m igrated with the buffer 
front. A photograph of a 15% gel is presented in figure 3.1. One can notice th a t the 
HMM light chains have travelled significantly longer distances than  the corresponding 
chains of the m ethylated protein. This is consistent with the mass increase due to 
m éthylation and gives confidence th a t the m éthylation procedure has been successful.
The molecular weights determined from the gels are given in table 3.1 together with 
the molecular weights calculated from the sequence for comparison. The molecular 
weights of the light chains were calculated from 15% gels and of the heavy chains from 
7.5% and 10% gels.
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Table 3.1: Molecular weights of the subfragments of HMM and m-HMM determined 
from SDS-PAGE gels and calculated from the sequence in kDa. The values obtained 
from the gels are mean values ±  SD, with the number n of gel lanes used indicated 
in each case. ELCl and ELG3 denote the two essential light chain isoforms, RLC 
denotes the regulatory light chain.
Fragment HMM m-HMM
SDS-PAGE Calculated SDS-PAGE Calculated
Heavy chain 144.2±3.5
n=7
140.9 150.8±5.0
n= 8
144.7
ELCl 24.5±0.3
n= 8
2 0 .8 25.4±0.3
n=16
. 21.4
RLC 19.7±0.3
n= 8
18.9 21.3±0.4
n=16
19.3
ELC3 15.9±0.2
n= 8
16.5 16.9±0.3
n=16
16.8
The relationship between the log^gMW and the distance m igrated by a protein from 
the beginning of the resolving gel {Dm), was found to be linear for molecular weights 
up to 36 kDa for the 15% gels. Hence the molecular weights of the light chains were 
determined using a linear regression for the relationship of logjgMW versus Dm for 
markers with weights up to 36 kDa.
The molecular weight of the heavy chain of HMM and m-HMM could not be deter­
mined in the same way since, even in the 7.5% gel, the log^gMW versus Dm relationship 
was linear only for molecular weights up to  116 kDa. There was not a large deviation 
from linearity, if only the three heaviest markers were considered for the 7.5% and 
10% gels. Hence we calculated the  molecular weight of the heavy chain of HMM 
and m-HMM using linear regression for the logioMW versus Dm relationship for the 
markers with MW 205, 116 and 97.4 kDa.
There is good agreement between the values determined from our gels and the true 
molecular weights cts calculated from the sequence, with one exception: the molecular 
weights th a t we determined from the gels for the ELCl chains (essential light chains, 
isoform l) in Ccise of both proteins, are higher than the calculated values. The same 
discrepancy however has been noted in literature: Wagner (1982) gives the value of
81
Methyllysinesc
(0•s
o
V)
<
§
Dimethyllysine
%
&
Retention time (min)
Figure 3.2: The HPLC chromatogram of m ethylated derivatives of lysine used cis 
standards: N '-methyllysine, N '-dimethyllysine and N '-trimethyllysine.
25 kDa as the molecular weight observed on SDS-PAGE gels for rabbit EL C l, and 
this is close to the value obtained from my experim ental data.
It seems, therefore, th a t this single exception does not indicate any imprecision in 
the preparative methods, used in this thesis. It can be concluded, therefore, th a t 
by the criteria of SDS-PAGE, the purity of the isolated HMM and m-HMM Wcis 
satisfactory. The samples were subsequently analysed for their amino acid content in 
order to  check whether the lysine residues were selectively m ethylated and converted 
into N '-dimethyllysine residues.
3.2.2 Am ino acid analysis
Amino acid analysis wcls performed as described in section 2.4.3. The chromatogram of 
N"^-methyllysine, N"^-dimethyllysine and N '-trim ethyllysine, which were used as stan­
dards, is shown in figure 3.2.
One batch of HMM and two batches of m-HMM were analysed. Two runs were per­
formed for each sample. The experimentally determ ined numbers of amino acids were
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obtained by normalizing data to the number of valine residues in the sequence. Due to 
the discrepancies between the computed and experimentally obtained values from the 
first runs for HMM and the 1st batch of m-HMM, the second runs were carried out on 
samples which were transferred to 10 mM Na2EDTA, pH 7.0 prior to the amino acid 
analysis since it waa suspected tha t m etal ions were responsible for this discrepancy. 
Metal ions can interfere in the derivatisation reaction with phenylisothiocyanate (Ap­
plied Biosystems Inc., 1989). The results obtained from the second runs were in good 
agreement with the computed values. N^-methyllysine and N^-trimethyllysine residues 
were not detected, i.e. they could have been present only in very small numbers. The 
results of the  amino acid analysis for the proteins are presented in table 3.2.
The chromatograms from the second runs for HMM and two batches of m-HMM 
are presented in figure 3.3. They are very similar except for two regions. A peak 
corresponding to lysine is present in the chromatogram of HMM and essentially absent 
in the  chromatograms of the m-HMM. A peak corresponding to N'-dimethyllysine 
is present in the chromatogram of the m ethylated protein in figure 3.3c. It is not 
resolved in figure 3 .3 b where it merges with the threonine peak but a larger peak at 
this position indicates a presence of N‘-dimethyllysine.
It is clear from table 3.2 and figure 3.3 th a t very little  native lysine was present in 
the m ethylated protein samples. About 98% of lysine residues were converted into 
N'-dimethyllysine.
3,2,3 ATPase activity
The ATPase activity Wcls meatsured to check whether the protein preparations were 
active and to verify the effect of activity reversal observed by Phan et al. (1994) for 
the HMM and m-HMM in the presence of Ca^ "*" and EDTA.
The conditions under which the activities were measured were given in section 2.4.2. 
The am ount of inorganic phosphate produced during hydrolysis of ATP is plotted in
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Table 3.2: Number of residues from an amino acid analysis Naa of HMM and m-HMM. 
Residues whose numbers could not be determ ined from the analysis are denoted by 
stars ★. Two analysis runs were carried out for each protein. Also the amino acid 
composition computed from the sequence, based on a 2 :1  ratio of ELCl to ELC3 
(Wagner, 1982), is given.
Amino acid
Naa (amino acid analysis)
Naa
(computed)
HMM m-HMM
1st batch 2 nd batch
Run 1 Run 2“ Run 1 Run 2“ Run 1 Run 2
Asx 244 310 246 309 340 330 314
Glx 370 578 374 639 565 586 530
Ser 128 139 133 149 147 140 147
Gly 188 160 191 174 179 170 172
His 50 49 54 51 53 54 50
Arg 139 125 139 129 135 129 122
Dimethyl-Lys 0 0 0
Thr 123 150 147 150 173
Ala 295 263 294 268 277 285 286
Pro 107 104 108 100 95 96 90
Tyr 84 79 85 79 79 81 78
Val 157 157 157 157 157 157 157
Met 1 2 2 90 12 0 87 94 99 102
Cys"' 18 0 8 0 5 6 26
He 141 149 145 148 148 153 158
Leu 269 283 262 284 278 262 275
Phe 132 142 130 145 138 140 136
Lys 125 341 6 7 6 6 330
T rp ' ★ ★ ★ ★ ★ 12
“D ue to the discrepancies between the com puted and obtained experim entally values from the  
first runs for HMM and 1st batch o f m -HM M , the second runs were carried out on sam ples which 
were transferred to 10 mM N a2 EDTA, pH 7.0 prior to  the am ino acid analysis in order to elim inate  
m etal ion interference.
*It was only possible to calibrate the am ino acid analyser in respect to the retention tim e for the 
standards o f m ono-, di- and tri-m ethyllysine. It was not possible to quantitate the peak intensities 
for these standards, except when they were not detected.
'It was im possible to determ ine the number o f these residues due to the closeness of threonine 
and N '-d im eth yllysin e peaks.
"'Cysteine was partially destroyed by hydrolysis.
'T ryptophan was destroyed by hydrolysis.
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Figure 3.3: The HPLC chromatograms from the second runs of (a) HMM, (b) m-HMM 
(1st batch) and (c) m-HMM (2nd batch).
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Table 3.3: ATPase activity of HMM and m-HMM in s M n the presence of Ca^+ and 
EDTA.
Protein Ca^+ EDTA
HMM 3 .7±0.5 13.0±0.7
m-HMM 16.6-L0.9 3.01.0.2
figure 3.4 with data  pooled for four samples of HMM and also for four samples of 
m-HMM. Linear regression waa used to  fit the data  to a line (with intercept not being 
forced to be zero). The slopes determined are the values of ATPcise activity and are 
given in table 3.3. The intercepts were found to be close to zero.
The activity values obtained for the native HMM agree with the values given by 
Margossian and Lowey (1982): 4.6 s“  ^ in the presence of Ca^+ and 20.6 s"^ in the 
presence of EDTA. These activities are reversed for m-HMM i.e. the Ca^'^-ATPase 
activity is elevated and K+(EDTA)-ATPase activity is depressed. The difference 
between the ATPase activities for HMM and m-HMM is significant (p <  0.001). Such 
reversal of activities hcis been correlated with the modification of the so-called SHI 
sulphydryl group within the Cys^°^ residue (Margossian and Lowey, 1982).
3.2.4 Donnan potential m easurem ents
The HMM and m-HMM were dialysed against 1 / of 10 mM KCl, 1 mM Bistris-acetate 
buffer, pH 6.7 overnight on ice. This pH was chosen as it is the pH at which m ethylated 
SI was successfully crystallized (Paym ent et a/., 1993). Bistris buffer was selected as 
it has pKa value 6.56 (Smith and Martell, 1989), and this is especially im portant 
when working at low buffer concentrations. The Donnan potentials were measured 
with calomel macroelectrodes K422 using a set-up with two sacks, as was described 
in section 2.5.1. The recorded values of the Donnan potential, protein concentration, 
tem perature and calculated molecular charge are given in table 3.4. D ata which were 
obtained from one protein sample are grouped together, in the order in which the 
Donnan potential was measured.
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Figure 3.4; Amount of inorganic phosphate P, in kmols per mol of protein produced 
by HMM and m-HMM during hydrolysis of ATP in the presence of (a) Ca and (b) 
EDTA. D ata points are single observations, different symbols m ark different samples.
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Table 3.4: Donnan potential Ud values in mV, protein concentration Cp in m g/m l, 
tem perature T  in °C and calculated values of the molecular charge Çmoi in electronic 
charge units for HMM and m-HMM.
Protein Ud (mV) Cp (m g/m l) T  (°C) fjmol
-0.92 6.1 19.8 -44.4
-1.10 6.2 20.3 -52.5
-0.98 7.5 19.2 -38.7
-0.93 7.0 19.3 -39.3
HMM -1.20 7.6 19.6 -46.6
-1.26 7.2 20.0 -51.8
-0.74 7.9 20.0 -27.6
-1.35 7.7 20.0 -52.1
-1.14 8.1 19.5 -41.9
-1.40 8.0 19.5 -52.1
-0.56 5.3 17.8 -31.7
-1.28 5.2 18.5 -73.5
-1.20 7.2 19.9 -49.3
-1.24 6.7 19.9 -54.8
m-HMM -0.84 7.3 17.2 -34.3
-1.24 7.1 17.2 -52.0
-1.12 7.5 19.7 -44.0
-1.32 7.5 19.7 -52.0
-1.22 7.7 20.6 -46.4
-1.72 7.6 20.3 -67.0
Table 3.5: The molecular charge of HMM and m-HMM obtained from Donnan po­
tential mecLsurements ±  SD in electronic charge units. The num ber of measurements 
was n.
Dataset n HMM m-HMM
All measurements 10 -44.7h8.1 -50.5±12.9
1st measurements 5 -39.8±7.5 -41.I h  7.7
2nd measurements 5 -49.5±5.7 -59.9± 9.8
The mean values of the molecular charge ± SD for HMM and m-HMM are presented 
in table 3.5. The statistical comparison of the means, calculated from all the 10 
mecLSurements for each type of protein, gives a p value of 0.2, indicating no significant 
difference. It was noticed during the experiments th a t the second value of the Donnan 
potential was usually more negative than the first (in 9 out of the 10 experiments). 
This could not have been caused by a change in the protein concentration of the 
sample, as the sample could only get diluted by transferring the electrode between 
the buffer and the protein solution. After measuring the protein concentration of 
the samples and calculating the molecular charge, the same tendency in the values 
of the charge emerged, i.e. the second value of the charge was always more negative 
than the first. The mean values of the molecular charge determ ined in the first and 
second m easurements are also given in table 3.5. On comparison of the values of 
the molecular charge for HMM and m-HMM from the first m easurements, the t-test 
revealed p value of 0.8, whereas the p value for the comparison of the results from the 
second measurements was 0.08. A highly significant difference, however, was found 
between the mean values from the first and second measurements for each protein 
(p values equal 0.05 and 0.01 for HMM and m-HMM respectively). This indicated 
clearly either a system atic error arising from the experimental procedure or changes 
occurring in the system over time. A possible explanation emerged from the studies 
described in chapter 4. The differences between the values obtained from the first and 
second m easurem ent on a sample were determined to result from the KCl leakage out 
of the electrodes. The full explanation is given in section 4.1.5.
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Figure 3.5: The calculated molecular charge Qmoi of lysine (pK^ 10.68) and N'^-dime- 
thyllysine (pK* 10.2 and 9.0) in electronic charge units. Also the difference between 
the charge for pKa 10.68 and the charge for the pK^ values 10.2 and 9.0 is plotted.
3.2.5 Theoretical charge o f lysine
The charge of lysine and N‘-dimethyllysine was calculated a function of pH using 
equation 1.1. The pKa value for lysine wa.s taken cls 10.68 (Sm ith and Martell, 1989). 
Two values were taken for N '-dimethyllysine : 10.2 and 9.0 c ls  values giving a possible 
range based on the data for ribonuclease A (Jentoft et a i, 1979), lysozyme (Bradbury 
and Brown, 1973) and bovine a-lactalbum in (Gerken, 1984). The charge of lysine and 
N^-dimethyllysine is plotted as a function of pH in figure 3.5. The difference between 
the charge of lysine with pK^ 10.68 and a residue with a pK^ in the range 8-10.68 at 
pH 6.7 is plotted in figure 3.6.
The charge on lysine with pKa 10.68 is - f ie  for pH up to approxim ately 9, at higher 
pH it decreases to zero, with the value of + 0 ,5 e for pH 10.68. The N"^-dimethyllysine 
would have a lower positive charge than lysine at pH values approximately 8-12 
(figure 3 5)
Typical shifts in pKa observed for lysine upon méthylation in other proteins (Bradbury
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Figure 3.6: The calculated difference Aqmoi between the molecular charge at pH 6.7 
of lysine with pKa 10.68 and N‘-dimethyllysine with pKa in the range 8-10.68 as a 
function of pKa of the N"^-dimethyllysine.
and Brown, 1973; Jentoft et a l, 1979; Gerken et a l, 1982), would cause a very small 
change in the charge of the residue at pH 6.7 (figure 3.6): a shift to pK& 10.2 would 
result in a change of 0.02%. Chicken Si (with a 1:1 ratio of ELCl to ELC3 chains) 
contains 108 lysine residues, so the difference between the charge of methylated and 
native 81 would be approximately 0.02e at pH 6.7. In the case of a molecule of rabbit 
HMM this difference in charge would be about 0.07e. It is unlikely tha t many lysine 
residues would exhibit larger shifts in their pKa values on méthylation. Even if all 
the lysine residues in the 31 and HMM molecules had their pKa values shifted by c ls 
much as it waa observed for Lys^^ in an active site of ribonuclease A (Jentoft et a l, 
1979, pKa 9.0), their net negative charge at pH 6.7 would be increased by only 0.5e 
and 1.6e for the 81 and HMM, respectively. In order to change the charge on a lysine 
residue at this pH by 5% the pKa would have to be as low as 8.0, values lower than
9.0, however, have not been observed in proteins. The calculations suggest th a t the 
charge on the m ethylated 81 and HMM is more negative than the charge of the native 
protein only by a fraction of an electronic charge at pH 6.7.
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Table 3.6: Relative amounts of lysine residues in various fragments of the HMM mole­
cule from rabbit and chicken expressed as molar percentages. The 23 kDa fragment of 
the heavy chain of Si contains residues 1-204, the 50 kDa fragment contains residues 
205-646. The 20 kDa fragment contains residues 647-809 of the rabbit protein and 
647-843 of the protein from chicken. The relative amount of lysine residues in the 
SI and HMM has been calculated for a protein with a 1:1 ratio of ELCl to ELC3 in 
chicken and a 2:1 ratio of ELCl to ELC3 chains in rabbit (Wagner, 1982).
Protein
type
ELCl ELC3 RLC Si heavy chain Whole
SI
S2 HMM
23 kDa 50 kDa 20 kDa
Rabbit 10.5 7.4 9.5 8.8 10.0 8.6 9.4 13.8 10.6
Chicken 10.5 7.4 9.6 8.8 9.7 7.6 9.1 14.2 10.5
3.2.6 Sequence analysis
The relative amount of lysine residues in various subfragments of rabbit and chicken 
HMM was calculated from their sequences in order to see how uniformly these residues 
were distributed in the molecules (table 3.6). There is not much difference between 
the relative amounts of lysine in the corresponding subfragments of the protein from 
rabbit and chicken (not more than 1%). The percentages are between 7.4% and 10.5% 
for the S i fragments, with a slightly higher value, around 14%, for the S2 fragment. 
As far as can be seen from the sequence, the distribution is fairly uniform. In order 
to investigate this issue further, we visualized the structure of the chicken Si.
3.2.7 Structure analysis
Figure 3.7 contains the chicken Si structure drawn using the crysta l stru ctu re  data of 
Rayment et al. (1993) in ribbon representation with highlighted lysine residues and 
the SHI group. The structure contains 1072 residues out of the total of 1158. It can 
be seen th a t the distribution of lysine residues is fairly uniform and th a t there is one 
lysine residue, Lys^°®, very close to the SHI group of Cys^°^.
A striking feature is the presence of a num ber of places of potential flexibility, one 
of them being at the beginning of the long or-helix in the tail domain. It is in this
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O r i g i n a l  in  c o l o u r
Actin Binding Site
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ELC
Figure 3.7: Molecular diagram of the structure of subfragment-1 of myosin from 
chicken. The heavy chain is drawn in grey, the essential light chain (ELC) in green 
and regulatory light chain (RLC) in yellow. The a-carbon atoms in lysine residues 
are indicated in red. The violet sphere represents the a-carbon atom  of Cys^°^ where 
the sulphydryl group SHI is located. Also the actin binding site and the antive 
site axe indicated. Created using MOLSCRIPT (Kraulis, 1991) with the Sl structure 
of Raym ent et al. (1993). The coordinates were taJken from the 2MYS file in the 
Brookhaven PDB (Bernstein et al., 1977; Abola et al., 1987).
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region tha t the Dictyostelium discoideum  myosin has been cleaved and subsequently 
crystallized w ithout reductive méthylation of the lysine residues (Fisher et al., 1995; 
Smith and Raym ent, 1995, 1996). It is thus possible th a t the flexibility, leading to 
multiple corifurmatiuuü in solution, stops the nontruncated SI from crystallizing and 
tha t the m éthylation stabilizes one of the conformations of the flexible molecule.
The distribution of all the positive and negative charges in the chicken Sl was also 
analysed in order to see how the electrostatic bonds within the molecule could be 
affected by the méthylation. Figure 3.8 contains the structure of the chicken Sl of 
Rayment et al. (1993), where the negatively charged residues (Asp and Glu), lysine 
and other positively charged residues (Arg), are all highlighted.
Although the charge calculations suggest no differences between the charge on lysine 
and N^-dimethyllysine at pH 6.7, the electrostatic bonds could be weakened within the 
m ethylated molecule. This may result from the additional methyl groups increasing 
the distance between the N '-dimethyllysine and negatively charged groups. This 
could affect the overall structure since several lysine residues can be seen to be close 
to negatively charged residues in neighbouring domains (figure 3.8). The weakening of 
these interactions would have a destabilizing effect on the structure of the methylated 
protein and hinder its crystallization.
Phan et al. (1994) have reported a faster rate of dissociation of e-ADP from the 
m ethylated Sl than from the native protein. This, together with their observation of 
increased reactivity of the SHI group towards thiol reagents, led them  to the conclu­
sion tha t the vicinity of the SHI group becomes more open in the m ethylated S l. The 
lysine residue nearest to the SHI group (Lys^°®), is in close contact with negatively 
charged Glu'*®®, Glu®°* and Glu®°  ^ on the loop seen to the right of Lys^°® in figure 3.8. 
The changes in the vicinity of the SHI group, tha t were associated with a more open 
conformation of this region by Phan et al. (1994), could be caused by a weakening of 
the attraction between the Lys^ ®® and those three residues.
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Figure 3.8: Molecular diagram of the structure of subfragment-1 of myosin from 
chicken. The heavy chain is drawn in grey, the essential light chain (ELC) in green and 
regulatory light chain (RLC) in yellow. The a-Ccirbon atoms in positively charged at 
pH 7.Ü residues are indicated in red (Lys) and orange (Arg) whereas those in negatively 
charged residues (Clu and Asp) are shown in blue. The violet sphere represents the 
a-carbon atom  of Cys^®  ^ where the sulphydryl group SHI is located. Also the actin 
binding site and the active site are indicated. Created using MOLSCRIPT (Kraulis, 
1991) with the Sl structure of Rayment et al. (1993). The coordinates were taken 
from the 2MYS file in the Brookhaven PDB (Bernstein et a i, 1977; Abola et a i, 
1987).
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It is possible th a t the presence of two additional methyl groups on each N^-dimethyl- 
lysine increcises the packing density of the protein. This would make the structure 
more rigid and could facilitate its crystallization.
3.3 Discussion
The reductive méthylation of lysine residues must have a dram atic effect on the Sl 
properties since it is necessary for its crystallization. An im portant question is whether 
this modification affects the structure of the molecule. A parallel study on egg-white 
lysozyme showed th a t this modification did not have much effect on the structure of 
the crystallized protein (Rypniewski et a l, 1993). The lysozyme, however, h c ts  only 
six lysine residues which constitute 5% of the total num ber of residues, which is less 
than in the C cise  of myosin S l (9% for chicken Sl). It could be cls a result of the 
difference in the composition of lysozyme and S l, th a t the former retains almost full 
catalytic activity (Fretheim et a l, 1979) while the la tte r does not.
The ATPase activity of IIMM is elevated in the presence of Ca-+ and lowered in 
the presence of EDTA. A similar effect W cis reported by Phan et a l (1994) for the 
m ethylated Sl. This is in agreement with the results of the investigation of kinetic 
behaviour of HMM and Sl which revealed no difference between the proteins, both 
native and with SHI groups modified (Sleep et a l, 1981). Such a reversal of activities 
accompanies modifications in the vicinity of the SHI group (Margossian and Lowey, 
1982). Indeed an increcised reactivity of the SHI groups towards thiol reagents and 
faster dissociation rate of e-ADP have been observed for Sl upon méthylation (Phan 
et a l, 1994).
Our charge measurements did not reveal a statistically significant difference between 
the net charge of the native and m ethylated HMM at pH 6.7. The values of the net 
charge for both proteins could be divided into two groups, depending upon whether 
they were obtained from the first or second Donnan potential mecisurement on a
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sample. The values obtained from the second meaaurements were significantly more 
negative. Subsequent studies, described in chapter 4, identified the source of these 
differences as the KCl leakage out of the electrodes. The full explanation is given in 
section 4.1.5. The obtained values of charge, however, have an experimental error of 
about 20%. Hence, on the basis of the Donnan potential measurements, a smaller 
than about 20% difference in charge between HMM and m-HMM at this pH, cannot 
be excluded.
The analysis of the charge of lysine and N"-dimethyllysine, calculated from the pKa 
values taken from literature, reveals th a t the modified amino acid would have lower 
positive charge at pH values approxim ately 8 to 12. Even if all the lysine residues 
had their pK^ values shifted to 9.0, which was observed for Ays'** in the active site of 
ribonuclease A (Jentoft et a l, 1979), the net negative charge a t pH 6.7 on the Sl and 
HMM would increase by only 0.5 e and 1.6 e, respectively. A 5% change in charge of 
the lysine residue at pH as low as 6.7 would result from a larger shift in pKa down to
8.0. Such shifts in the value of pKa have not been observed in proteins for which the 
effect of m éthylation on the pKa of lysine residues was studied (Bradbury and Brown, 
1973; Jentoft et a l, 1979; Gerken, 1984). The results of these calculations agree thus 
with the results of the Donnan potential experiments, which were performed at pH 6.7.
The presence of two additional m ethyl groups on lysine residues may weaken the 
electrostatic bonds within the molecule by increasing the distance between the lysine 
and negatively charged groups. This would agree with the suggestion of Phan et a l 
(1994) tha t the methylated Sl has a more open conformation in the vicinity of the 
SHI group. This could result from a weakening of the bond between Lys^°® and the 
three glutam ic acid residues Glu^ ®®, Glu^®* and Glu^® .^
A possible explanation as to why the m éthylation facilitates the crystallization is tha t 
the molecule becomes more rigid as a result of closer packing of lysine residues with 
two additional methyl groups occupying more space.
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The problem in the experimental procedure for the m acroelectrode measurements of 
the Donnan potentials, revealed during the experiments described in this chapter, set 
out a goal for our work. One of the aims was to identify the sources of the  experimental 
error in the technique and determ ine whether and how its accuracy could be improved. 
This is described in the next chapter.
3.4 Conclusions
The following overall conclusions can be drawn:
1. The ATPase activity of m-HMM is elevated in the presence of Ca^+ and reduced 
in the presence of EDTA compared to the native HMM. Both the increase 
and decrease are approxim ately 4-fold and the differences are highly significant 
(p <  0.001). Such a reversal of activities is indicative of modifications in the 
close vicinity of the SHI group.
2. On the basis of the calculations of the charge of lysine and N"^-dimethyllysine 
from the pKg values from literature, one can predict an increased negative charge 
on the m ethylated S l and HMM at pH approximately 8-12. The predicted 
difference a t pH 6.7 would be not more than 0.5e for m ethylated Sl and 1.6e 
for the m ethylated HMM.
3. Our Donnan potential measurements do not reveal a statistically  significant 
difference between the values of the net electric charge of the HMM and m ethy­
lated HMM at pH 6.7. The results have a large experim ental error of about 
20%, hence a smaller than 20% change in charge cannot be excluded on the 
basis of these experiments.
4. The macroelectrode technique should be refined to give more accurate results.
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C h a p t e r  4 
E l e c t r o d e  t e c h n i q u e s  for p r o t e i n  
s o l u t i o n s
4.1 Problem s associated w ith the use of macro elec­
trodes
As soon cLS the use of the macroelectrode rnethod of Ojteg et al. (1989) W cis made, 
several difficulties were encountered leading to puzzling results which were initially 
difficult to explain. We think it is worth describing them  here in detail so that anyone 
wishing to apply this technique in future can benefit from the experiences gained. This 
is especially im portant since it was discovered th a t, under certain circumstances, one 
may obtain very reduced values of the electric charge, or indeed a positive charge, for 
a negatively charged protein.
4.1.1 D rifts in potentials
The potentials given in this section are expressed relative to the value of the potential 
when both electrodes were in the outer solution. Such a reference was chosen in order 
t o  d e m o n s t r a t e  t h e  p o t e n t i a l s  a r i s i n g  w h e n  a n  electrode was placed in the sample 
com partm ent with 1 ml of the same solution as was outside the com partm ent. These 
potentials will be d e n o t e d  a s  Uq.
The work with macroelectrodes was started by trying to reproduce the experiment
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of Ojteg et al. (1989) with NaCl diffusion potentials in order to  check whether the 
m ethod was being applied correctly. The experiments were performed as described 
in section 2.11. Initially calomel electrodes K422 were used to measure the poten­
tial when 1 ml of 20 mM NaCl was placed inside the dialysis sack and the outer 
solution was 1/ of 10 mM NaCl. The experiment was repeated 4 times and a value 
of l.O iO .l mV was obtained for the  maximum observed potential (at tem perature 
20±2°C). Ojteg et al. (1989) obtained a potential of approxim ately 3 mV, in good 
agreement with the value of 3.1 mV th a t can be calculated from equation 2.2. This 
discrepancy was further investigated and diffusion potentials for other NaCl gradients 
were measured. This is shown in figure 4.1 for 20, 50 and 80 mM NaCl applied inside 
the dialysis sack. The values obtained: 2.7 and 6.5 mV for 50 and 80 mM NaCl 
respectively, were again much lower than the corresponding values calculated from 
equation 2.2: 7.1 and 9.1 mV. It was suspected th a t NaCl was diffusing out of the 
dialysis sack very quickly and, before the diffusion potential was fully established, 
a large part of NaCl had already diffused through the membrane to the outer solu­
tion. This seemed likely since Ojteg et al. (1989) were using dialysis tubing tha t 
had not been prepared in the standard way for dialysis but had only been soaked in 
10 mM NaCl for 48 hours. However, a potential of only 1.1 mV was obtained for 
20 mM NaCl when using such tubing.
It was decided, at this point, to measure the diffusion potentials with different elec­
trodes -  two Ag/AgCl electrodes REF200 and two calomel electrodes REF401 were 
used, but the values obtained with them  were very similar to the values obtained with 
electrodes K422 (figure 4.2). Only when more concentrated solutions of NaCl were 
used, was it possible to obtain potential values closer to those predicted by theory. For 
example, when 0.1 M NaCl was the outer solution and 0.2 M NaCl was applied inside 
the dialysis sack, the diffusion potential recorded was 2.7 mV in good agreement with 
the value of 2.8 mV calculated from equation 2.2.
As different types of electrodes were used, it was noted tha t there was an interesting
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Figure 4.1: Diffusion potentials Ud%f for 20, 50 and 80 mM NaCl into 10 mM NaCl 
recorded using macroelectrodes K422 at tem perature 20±2 C.
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Figure 4 2- Diffusion potentials for 20 mM NaCl into 10 mM NaCl recorded using 
calomel macroelectrodes K422 and REF401 and Ag/AgCl macroelectrodes REF200 
at tem perature 20±2°C. Potentials (a) C/„ and (b) Uaj recorded when the measuring 
electrode was placed in the dialysis sack containing 1 ml of 10 mM NaCl and 1 ml of 
20 mM NaCl, respectively.
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difference in their behaviour. W hen one of the electrodes of the pair was immersed 
in the dialysis sack containing 1 ml of 10 mM NaCl and the other was outside, there 
should theoretically have been the same potential difference between them  as when 
they were both outside. This was the case only for electrodes K422, for the other 
electrodes the  potential was drifting towards more negative values (figure 4.2a), the 
drift being most prominent for electrodes REF401. W hen the diffusion potential wcls 
recorded for 60 minutes, the potential a t the end of th a t tim e was markedly lower 
than the starting  potential for both electrodes REF200 and REF401 (figure 4.2b).
Drifts were also observed in Donnan potentials when the m ethod was applied to bovine 
serum albumin (BSA). This is dem onstrated in figure 4.3, where potentials recorded 
for BSA in 10 mM NaCl, 1 mM Bistris-HCl buffer, pH 6.4 are plotted. The potentials 
are again expressed relative to  the potential when both electrodes were in the outer 
buffer. The original set-up of Ojteg et a l (1989) with one sack was used. The sample 
volume was 1 ml and protein concentration 12 m g/m l. Electrodes REF401 were used. 
The potentials recorded were changing towards more negative values for a period of 
about 20 m inutes. The potential recorded when the measuring electrode was in 
the dialysis sack containing 1 ml of buffer, was about -2 mV. The potential measured 
when the protein was placed in the dialysis sack was initially about -3 mV and changed 
to about -4 mV after 20 minutes.
It was not possible to explain this phenomenon at th a t point. W henever we tried to 
use electrodes REF200 or REF401 in future, under various conditions, the drifting 
of potentials occurred w h e n  o n e  o r  b o t h  e l e c t r o d e s  w e r e  placed inside a small com­
partm ent. In the case of electrodes K422 there were also drifts in potentials but very 
much smaller than  for the other electrodes. It was suspected th a t this could have been 
caused by the difference in the KCl outflow rate through the porous pin, this was given 
by the m anufacturer Radiometer Copenhagen to be 5 //1/hr for electrodes REF200 
and 10 /d /h r  for electrodes REF401, whereas it was not specified for electrodes K422.
It therefore seemed sensible, a t the time, to use two dialysis sacks for Donnan potential
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Figure 4.3: Typical example of the potentials recorded during Donnan potential 
measurements with electrodes REF401. The protein w c l s  BSA and the buffer was 
10 mM NaCl, 1 mM Bistris-HCl, pH 6.4. Uo and Uprot are potentials recorded when 
the measuring electrode was placed in the sample com partm ent containing buffer and 
protein, respectively. Potentials are expressed relative to the potential recorded when 
both electrodes were in the outer buffer. The set-up with one sack wcls used, the 
sample volume was 1 ml and protein concentration was 12 m g/m l.
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mecLSurements: one with the reference buffer and the other initially with reference 
buffer and then with protein solution. It was expected th a t any drifts th a t were making 
the results less accurate would have been cancelled out due to the sym m etry of the 
system. Experim ents with heavy meromyosin were then performed, described in the 
previous chapter, using a set-up with two dialysis sacks. In those experiments the value 
of the charge obtained from the second Donnan potential m easurement on a sample 
was significantly more negative than the value from the first mea^surement. Clearly 
changes affecting the potentials were occurring over time. The reference potential 
in the 2-sack set-up was measured when both electrodes were placed in the sacks 
containing buffer. In this particular case the reference potential was only taken prior 
to a number of m easurements and it was assumed to remain fairly constant. To 
alleviate any variation th a t may be occurring in the reference potential with time, 
it was decided th a t reference potential measurements should be taken prior to each 
sample measurement. In the experiments described in the next section, the reference 
potential was therefore measured just prior to each sample measurement.
It also occurred th a t an im portant lim itation of the method of Ojteg et a l (1989) 
is the fact th a t it requires relatively large quantities of proteins whose isolation and 
purification is usually a tim e consuming process, as indeed they pointed out. The 
higher the ionic strength of the solution, which usually means the closer to physio­
logical conditions, the more concentrated are the protein samples needed to obtain 
Donnan potentials measurable with reasonable accuracy. This is why a decision was 
made to investigate the possibility of using sample volumes smaller than the 1.0 ml 
tha t was used by Ojteg et a l (1989). This is described in the next section.
4.1.2 Requirem ent of large quantities of protein
The idea of using protein volumes smaller than 1.0 ml seemed viable because the 
electrodes K422 and REF200 had smaller diam eter (4.5 mm) than the electrodes used 
by Ojteg et a l (1989) (7.5 mm). The charge of a selected protein was determined as a
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Figure 4.4: 12.5% SDS-PAGE of BSA fraction V (from BDH). The molecular weights 
of the markers are indicated. Lanes: A. MW markers, B and C. BSA, 7.5 and 1.8 fxg 
respectively.
function of pH using sample volumes 1.0 and 0.25 ml in order to be able to relate the 
results to the isoelectric point of the protein obtained using other methods. In this 
experiment it was desirable to use a protein th a t could be available in large quantities, 
for which there are experimental values of the isoelectric point in the literature and 
whose amino acid sequence has been determined so th a t calculation of the theoretical 
net charge could be made. BSA fulfilled the above conditions and was therefore the 
protein chosen. BSA fraction V was purchased from BDH and its purity was checked 
by SDS-PAGE (figure 4.4).
The following buffer solutions were used to cover pH range from 3.4 to 8.0:
• 1 mM sodium citrate buffer, 10 mM NaCl (pH 3.4, 4.0, 4.5, 4.9)
• 1 mM Bistris-HCl, 10 mM NaCI (pH 5.6, 6.4, 7.2)
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• 1 mM Tris-HCl, 10 mM NaCl (pH 8.0)
The pH range was deliberately not broader since at more extreme pH values dénatu­
ration of BSA could take place (Kanal et al., 1994), due to high positive (at low pH) 
or negative (at high pH) electric charge. Strong repulsive electrostatic interactions 
lead to  protein unfolding and dénaturation.
The experim ent was carried out as described in section 2.5.1 using the experimental 
set-up with two dialysis sacks. The protein was dissolved in an appropriate buffer and 
dialysed against it overnight in the cold room at 8°C. When protein samples of 1 ml 
volume were used, two 100 //I aliquots of the protein solution were taken for protein 
concentration determ ination after the Donnan potential measurement whereas the rest 
was returned to the protein solution from which subsequent samples were taken. This 
was done in a similar way as in the Ojteg et al. (1989) method, with the exception 
of the protein being diluted to a different concentration by Ojteg et al. (1989). For 
each of the buffers, its ionic composition was determ ined using the P e r r i n  program 
(A bbott, 1976) with stability constants given in appendix A. Then the molecular 
charge was determined using equation 1.6. The values of the molecular charge together 
with the t-test p values (for a comparison of the values of the charge obtained for 
the two sample volumes) are given in table 4.1. The molecular charge of BSA is 
plotted against pH in figure 4.5. Also indicated is the range of experimental values of 
isoelectric point determined in NaCl based solutions with other methods and available 
in literature (as listed in table 4.2).
The molecular charge of BSA as a function of pH was calculated from its sequence, 
in the m anner described in section 2.6. A fragment was used, with residues 25-607, 
of BSA precursor sequence ALBUJBOVIN from the OWL database (Bleasby and 
Wootton, 1990). The theoretical molecular charge is plotted in figure 4.6 together 
with the experim ental curve for volume 1.0 ml.
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Table 4.1: The molecular charge q^oi (in electronic charge units) for BSA determined 
with macroelectrodes K422 in solutions with various pH using sample volumes 1.0 and 
0.25 ml. The num ber of measurements with one volume was 12 for pH 6.4 and pH 8.0 
whereas 6 m easurements were m ade for the remaining values of pH. Mean values of 
the charge are presented ± SD. The last column contains p values of the t-test for 
comparison of the mean values obtained using the two sample volumes.
pH Molecular charge qmoi ± SD P
Volume 1 ml Volume 0.25 ml
3.4 17.9±2.0 17.1T2.1 0.6
4.0 5.7±1.5 5.5±L2 0.8
4.5 0.7T0.7 1.1±1.1 0.5
4.9 -2.6T0.3 -2.4±0.3 0.3
5.6 -5.9±0.2 -6.6T0.4 0.005
6.4 -8.8T0.3 -9.3±0.6 0.03
7.2 -11.3±0.1 -11.8±0.4 0.02
8.0 -12.5±0.7 -11.5±1.2 0.02
Table 4.2: Experim ental values of the isoelectric point pi of BSA from literature.
pi Method Medium Reference
4.63 Moving boundary 0.01 M NaCl Bull (1971)
4.59 Moving boundary 0.08 M NaCl,
0.02 M sodium acetate
Longs worth and Jacobsen (1949)
4.6 Osmotic pressure 0.1 M NaCl buffered 
with sodium acetate
Kanal et al. (1994), 
Minton (1995)*
* Data of Kanal ei ai (1994) in interpretation of Minton (1995).
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Figure 4.5: The molecular charge of BSA (in electronic charge units) as a function 
of pH determ ined using macroelectrodes K422. For all pH values 6 measurements 
were performed with volume 1.0 ml and 0.25 ml except for pH 6.4 and 8.0 for which 
measurements were repeated 12 times. The da ta  points are mean values through 
which biiioulh  curves are drawn, bars represent standard deviations. The isoelectric 
point th a t can be determined from our data  is indicated with an arrow (pH 4.6) and 
the range of isoelectric point in NaCl based solutions determ ined with other methods 
from literature is shown for comparison (black rectangle).
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Figure 4.6: The molecular charge of BSA (in electronic charge units) as a function 
of pH -  experim ental and theoretical values. For clarity the experimental curve for 
sample volume 1 ml is only drawn.
110
Table 4.3: Rates of KCl leakage from macroelectrodes K422, REF200 and REF401 
(Radiometer Copenhagen) immersed for 1 hour in 12 ml of 10 mM KCl at 25°C and 
determined with a conductivity m eter. Electrode filling holes were either opened (Q ) 
or closed with parafilm ((^). Two electrodes of each type (denoted a and b) were 
used.
Electrode
type Electrode
Filling hole 
open 0  
closed (g)
KCl leakage rate [nmol s )^
Experiment Mean ± SD
1 2 3 4
K422
a 0 1.7 1.5 1.5 1.6 1.5±0.1
(g) 4.1 1.4 5.7 1.5 3.2±2.1
b 0 1.1 1.0 1.0 1.1 l.O iO .l
o 1.0 1.2 1.9 1.0 1.3±0.4
REF200
a 0 1.8 2.1 3.8 1.7 2.3±1.0
(g) 1.5 1.1 3.9 1.1 1.9±1.4
b 0 6.7 6.6 6.8 6.0 6.5±0.4
(g) 8.9 6.0 7.1 5.7 6.9±1.5
REF401
a 0 7.6 7.5 7.6 7.7 7.6±0.1
0 4.9 7.0 8.6 13.6 8.5±3.7
b 0 7.6 8.2 8.3 7.6 7.9±0.4
0 4.1 2.9 9.6 8.3 6.2±3.2
4.1.3 KCl leakage
An investigation of the rates of leakage of KCl from the macroelectrodes was made in 
order to see whether these could account for the problems with drifts in potentials. 
The electrodes were left with their ends in 12 ml of 10 mM KCl for 1 hour after 
which the electrical conductivity of the solution, th a t the electrode was immersed in, 
WcLS mecLSured as described in section 2.10. The experiment was repeated 4 times for 
each electrode. The filling hole was either opened as it was normally during Donnan 
potential measurements or covered with parafilm. The filling hole was covered in 
order to see whether the decrease in hydrostatic pressure would reduce the rate of 
KCl leakage as one could expect. The rates of KCl leakage are presented in table 4.3.
For electrodes with filling holes covered, there was a larger variation in the leakage 
rates between experiments than for electrodes with filling holes opened. This is re­
flected in generally higher standard deviations for the leakage rates determined for 
electrodes with filling holes covered. The covering caused a decrease in the leakage
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rate for 2 electrodes and increase for 4; this was not expected. The rate of leakage 
of an electrode placed in 10 mM KCl with the  filling hole opened appears to be a 
characteristic of each electrode.
Electrodes K422 had the lowest KCl leakage rate, whereas electrodes REF401 had 
the highest rate. This correlates well with the  drifts in potentials observed in the 
diffusion experiment (figure 4.2) and also in Donnan potential measurements. The 
approxim ate leakage rates given by the electrode manufacturer, as 5 and 10 /il/h r of 
saturated (4.2 M KCl approximately) for electrodes REF200 and REF401 respectively, 
correspond to about 6 and 12 nmol s " \  These values are in agreement with the 
experimental da ta  presented.
In view of these results, it could be suggested th a t, if the KCl leaking out of the elec­
trode was unable to  diffuse quickly out of the sample com partm ent, then the reference 
potentials could be quite large, i.e. of the  sam e order as the Donnan potentials. This 
was shown to be the case in the following section where a 1-sack set-up was used.
4.1.4 Sample com partment geom etry dependence
Sample com partm ents, for measurements described in this section, were made of plas­
tic cylinders which are normally used for column filtration. The com partm ents possess 
a fitting ring at the base which enables housing of a membrane. The diam eter at the 
base of the plastic cylinder was 8 mm , resulting in a membrane area of approximately 
0.5 cm^. The dialysis membrane was the sam e as th a t used for the sacks for sam ­
ple volume 1 ml. The tubing was equilibrated in 10 mM NaCl, 1 mM Bistris-HCl, 
pH 6.4 buffer, and BSA was dialysed against the above solution. Electrodes K422 
and REF401 were used for the measurem ents, electrodes marked ‘a ’ in table 4.3 were 
the reference electrodes, whereas electrodes marked ‘b ’ were the measuring electrodes. 
Such a selection of electrodes was m ade in order to obtain a pair with the lowest and 
highest KCl leakage rate from the mea.suring electrode (electrodes K422 and REF401 
respectively). The set-up with one sample com partm ent was used. Figure 4.7a rep-
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Table 4.4: Values of the potentials recorded for BSA in 1 mM Bistris-HCl,
10 mM NaCl, pH 6.4 buffer with electrodes K422 and REF401. Potentials are ex­
pressed relative to the potential when both electrodes were in the outer buffer. C/d is 
the Donnan potential taken as Uprot ~ Uo- The set-up with one sample com partm ent 
WcLS used, sample volume was 1 ml, protein concentration 12 m g/m l, tem perature 
20°C. The sample com partm ent wets either a sack made of dialysis tubing with the 
membrane area %3 cm^ or a plastic cylinder with a membrane area %0.5 cm^ at the 
ba.se.
Potential
(mV)
Membrane area
%3 cm^ «0.5  cm^ .
K422 REF401 K422 REF401
U o -0.2 -0.3 -2.0 -0.8 -2.3
U p r o t -2.5 -2.9 ^  -4.0 -2.6 -3.3
Ud -2.3 -2.6 -+ -2.0 -1.8 -1.0
resents the potentials recorded when the m easuring electrode was first placed in the 
com partm ent containing buffer (Uo) and then in the com partm ent containing protein 
solution {Uprot)- These potentials are expressed relative to the potential when both 
electrodes were in the outer buffer. Potentials recorded using a sack made of the same 
dialysis tubing, are plotted in figure 4.7b for comparison. The values of the potentials 
obtained are given in table 4.4.
The potential Uo had a value close to zero for the electrodes with low KCl outflow rate 
(K422) in a com partm ent with the larger membrane area. The same electrodes gave 
a more negative reference potential (-0.8 mV) in the other type of com partm ent. The 
electrodes with higher rate  of KCl outflow (REF401) gave a reference potential which 
was close to zero initially and then drifted to a value of -2.0 mV when the dialysis sack 
Wcis used. The value of th a t potential was -2.3 mV only 1 m inute after immersing the 
electrode into the com partm ent with a small membrane area. Potentials Uprot were 
more negative when obtained with electrodes REF401 than with electrodes K422. 
They were stable except for the potential recorded w ith  e lec trod es REF401 in the 
com partm ent with a larger membrane area. The resulting Donnan potentials varied 
from -1.0 mV to -2.3 mV or even -2.6 mV when the in itia l values o f the p oten tia ls  
recorded with electrodes REF401 were taken as opposed to the values after 20 minutes.
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Figure 4.7: Potentials recorded for BSA in 10 mM NaCl, 1 mM Bistris-HCl, pH 6.4 
buffer, with electrodes K422 and REF401. Potentials are expressed relative to the 
potential when both electrodes were in the outer buffer. The set-up with one sample 
com partm ent was used, sample volume was 1 ml, protein concentration 12 m g/m l, 
tem perature 20°C. The sample com partm ent was (a) plastic cylinder with a membrane 
of «0.5 cm^ area a t the base, (b) dialysis sack with a membrane area « 3  cm .
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4.1.5 Discussion
It hcLS not been possible to  explain the discrepancy between the experim ental and 
theoretical diffusion potentials at low ionic strength.
There are some differences between the net charge of BSA determ ined using 1.0 and 
0.25 ml sample volume bu t they are quite small although, according to  the  t-test, 
they are significant for pH values 5.6 to  8.0. Certain observations were m ade which 
may explain these results.
Firstly, the buffers were weak (1 mM) so as to keep the ionic strength low and obtain 
larger Donnan potentials. It is possible th a t the pH of the Tris buffer Wcis not main­
tained at 8.0 but WcLS lower due to CO2 absorption from the air. This was discovered 
after the Donnan potential measurements when looking for possible explanations for 
the differences in the net charge determined with the two sample volumes. The initial 
pH of the Tris buffer was 8.0, but ten and eighteen days after preparation the pH was 
7.8 and 7.3, respectively. It should be noted th a t the pH of the experim ental solution 
was not checked whilst m easuring the potentials. A plot of the net charge obtained 
as a function of the m easurem ent number (not shown in the thesis) indicated a trend 
towards less negative values with time. Since the potential was measured for samples 
with a volume of 1.0 ml first, this could account for the difference.
Secondly, a large increase of the reference potential was noted after the first measure­
m ent for pH 3.4 and 4.0 (of about 1 mV). The potentials recorded in the protein, 
however, were approxim ately constant for consecutive measurements. This resulted 
in the first Donnan potential having a larger value than the potentials subsequently 
measured. This was probably caused by the absorption of the positively charged pro­
te in  o n to  th e  n egative ly  charged surface of th e  g lass electrode as glass has many sites 
available for hydrogen bonding (Bull, 1971). No values were rejected, hence results 
for low pH carry larger error which would increase the p value of the t-test.
In spite of these small differences between the values of the charge obtained for the
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two sample volumes, both curves in figure 4.5 give an isoelectric point value of 4.6. 
This value agrees very well with the isoelectric point values determined in NaCl based 
solutions using other methods available from the literature, which were given in ta ­
ble 4.2.
A comparison of the experimental results with the molecular charge calculated from 
the sequence indicates counterion binding leading to a decrease in the absolute value 
of the net charge (figure 4.6). It is interesting th a t the intersection point of the 
experimental and theoretical curves is not at the zero charge line. This could suggest 
tha t there is preferential binding of anions (which are in this case predominantly 01“ 
ions) to a negatively charged protein.
On the basis of a reasonable agreement between the results obtained for the two sample 
volumes, one can conclude th a t it is possible to use volumes as small as 0.25 ml for 
this type of measurement. Agreement with the isoelectric point values from literature 
encourages the view that the technique is sound. One has to bear it in mind though, 
tha t the series of measurements for BSA at various pH values, was carried out with 
electrodes K422 for which the leakage rate of KCl is relatively small.
Larger leakages of KCl can cause anomalous potentials and drifts (figure 4.7 and ta ­
ble 4.4). The effect of using electrodes with different rates of KCl leakage and sample 
com partm ents with small and large membrane areas on the observed potentials, sug­
gests tha t the following phenomena take place when an electrode is placed in a sample 
com partm ent. If the KCl leakage rate  out of the electrode exceeds the diffusion rate 
through the semi-permeable membrane, an accumulation of KCl inside the com part­
ment will take place to a concentration at which these rates will be equal. The KCl 
leaking out of the electrodes gives rise to negative potentials, whose magnitude is 
proportional to the KCl concentration.
The observed more negative values of the charge obtained for HMM and m-HMM from 
the second Donnan potential measurement on a sample, described in chapter 3, can be
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explained within the above model. The reference potential was measured first, during 
which tim e some accumulation of KCl could have occurred in both compartments. 
In most of the experiments the buffer in one of the com partm ents was replaced with 
protein and the buffer in the other com partm ent was not changed at the same time. 
The potential was measured with the reference electrode in the  buffer (containing 
some KCl) and the measuring electrode in fresh protein solution. This would have 
made the resulting Donnan potential less negative. When the second measurement 
was made, the buffer in the reference com partm ent was changed. Hence the second 
Uprot was m easured between fresh buffer and protein solution, in which the electrode 
had been immersed for the period of the first measurement. The accumulation of KCl 
in the protein sample would give rise to a more negative potential. Hence the negative 
value of the charge from the first measurement is reduced (less negative) and from 
the second m easurem ent increased (more negative) with respect to the true value of 
the charge. This resulted in the bimodal distribution of the d a ta  and overall large 
experimental error.
This effect Wcis not observed for BSA, for which the protein solution was also reused, 
with the difference though th a t the buffer was always changed at the same tim e as the 
protein was applied and the protein solution was returned to the  solution from which 
samples were taken. The reference potential was, however, measured prior to each 
measurement for protein. Also electrodes were immersed for much shorter periods of 
tim e in the com partm ents. In the experiments with BSA these times were usually not 
longer than about 5 minutes whereas in the experiments with HMM electrodes were 
kept in sample com partm ents until there were no further changes in the potentials, 
for as long as 20-30 minutes. No trend towards more negative values was observed 
between consecutive measurements for BSA, from which it can be inferred th a t no 
significant change in the KCl concentration in the protein samples took place. Possibly 
the leakage affects more the potential when the electrode is placed in buffer than when 
it is in protein, and it could be expected th a t the leakage rate would be lower for a 
solution of higher viscosity. This can also be seen in figure 4.3, where the change in
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the potential Uo is larger than the change in potential Uprot over the same period of 
time. These observations clearly indicate th a t the reference electrode should not be 
placed in an environment th a t can change. Hence the set-up with one dialysis sack 
was used in subsequent measurements (for BSA described in chapter 5).
Quite significant drifting in potentials occurred for the m acroelectrode technique ap­
plied to BSA. W hen an a ttem pt wais made to apply the technique to other proteins 
such as F-actin other problems arose. It was observed th a t F-actin would initially give 
zero or even slightly positive potentials at pH 7.0, which would slowly change towards 
negative values over tens of minutes. This was noted for more than one preparation 
even though act in should be negatively charged at neutral pH. There was no way 
of knowing the true value of the equilibrium Donnan potential without having an 
alternative and accurate m ethod for its determ ination. Since the interest was in mea­
suring the charge of F-actin as well as the charge of tropom yosin-troponin complex 
(Tm -tn) and reconstituted thin filaments (RTFs) at various free Ca^+ levels, a differ­
ent technique was required. The application of microelectrodes to protein solutions is 
described in the next section.
4.2 Application of the m icroelectrodes to  protein  
solutions
The microelectrode technique has been used in this laboratory to measure the Don­
nan potentials in muscle fibres (Elliott et al ,  1978; Bartels and Elliott, 1981, 1982, 
1983; Naylor et al,  1985; Bartels and Elliott, 1985) and protein gels (Bartels et al,  
1984; Elliott et al ,  1985; Jennison, 1992; Bartels et al ,  1993; Deshayes, 1994). Sharp 
electrodes with diam eter 0.5-1.0 /xm were used for muscle fibres and protein gels and 
blunt electrodes with the external diam eter 20-100 /xm were introduced by Jennison 
(1992) for protein gels. The latter electrodes were obtained from the sharp electrodes 
by breaking usually less than  1 mm off the tip with forceps. The reason for breaking 
the electrode tips was to prevent clogging taking place when the sharp electrodes were
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inserted into protein gels. The la tter technique was considered as suitable for applying 
to protein solutions.
4.2.1 Prelim inary results w ith forceps-blunted electrodes
The m aterials and equipment used for these measurements were described in sec­
tion 2.5.2. The Donnan potentials were measured for 0.25 ml BSA samples in 
1 mM Tris-HCl, 10 mM NaCl, pH 8.0 buffer in order to compare the results with 
those obtained using macroelectrodes (this was prior to discovery th a t the pH of the 
Tris buffer may not have been 8.0 at all times).
Microelectrodes whose resistance was of the order of several MH produced very unsta­
ble readings: the traces had a high noise level, were ‘wandering’ and the resistance of 
the circuit, which was also recorded all the tim e, did not remain constant. It was not 
until the use of electrodes with much lower resistance was made (lower than  1 MH), 
tha t the traces of both the potentials and the resistance became more stable and the 
results more reproducible.
The potentials recorded with the same electrode did not always give similar values for 
consecutive measurements. It was noticed th a t, for some electrodes, the potential 
recorded when the electrode was placed in the protein sample for the first tim e, 
changed in a characteristic m anner as shown in figure 4.8. If the electrode was taken 
out before the potential came to an equilibrium value this trend would continue during 
the second measurement, If a new electrode was used with the same sample the 
observed potential differences would be as for the previous electrode at the end of 
its use. It was suspected that sample contam ination was taking place, with the KCl 
leaking through the tips since the electrodes of lower resistance were affecting samples 
in this way. This is also dem onstrated in figure 4.8, where the first electrode has 
resistance of only 0.13 MH and the other two (which give stable readings) have higher 
resistance (0.2 MCI and 0.27 MD).
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Figure 4.S: Traces of resistance R,  potentials Urej and Uprot (from left to right) reg 
istered with forceps-blunted microelectrodes for two samples of BSA in 10 mM NaCl, 
1 mM Tris-HCl, pH 8.0 buffer. Microelectrodes of resistance 0.13 Mfl, 0.2 MH 
and 0.27 MH were used (electrodes 1,2 and 3 respectively). Protein concentration 
14.4 m g/m l, sample volume 0.25 ml. Time flows from top to bottom .
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Potentials obtained only with electrodes for which the first potential did not drop pro­
vided the value of the molecular charge -12.3±0.5e (from 12 measurements collected 
with 3 electrodes for 3 samples). Comparison with the value obtained with macro- 
electrodes (-12 .5 i0 .7e  and -11.5± 1.2c for 1 ml and 0.25 ml respectively) yields t test 
p values 0.34 and 0.05. The blunted microelectrodes gave results agreeing with the 
results obtained using macroelectrodes. This also indicated th a t the reduced values 
of potential observed for some electrodes were not true  Donnan potentials.
Subsequently, forceps-blunted microelectrodes were used for the measurements of Don­
nan potentials for F-actin and RTFs. During these experiments however, only very 
few of the microelectrodes were found to Icist for more than about 3 measurements, 
after which their resistance would increase to several tens of MH and the potential 
would become erratic. This usually happened while the microelectrode was in the 
protein and must have been caused by the protein clogging up the electrode. In prac­
tice it meant th a t many electrodes had to be made and tried, and only very few of 
them  would last for 10 or 20 measurements. The fact th a t such electrodes did exist 
however, encnura,ged attem pts to find out what distinguished these ‘good’ electrodes 
from the ‘bad’ ones and how to manufacture consistently ‘good’ electrodes.
In order to find out what features distinguished ‘good’ and ‘bad’ microelectrodes, the 
electrodes used while carrying out measurements on F-actin and RTFs were collected 
and their tips examined under microscope at 1250x magnification. Most electrodes 
were found to have ‘jagged’ ends and some had cracks along them . It, at first, appeared 
th a t the electrodes th a t had performed best however, had smoother ends and no 
cracks. Typical examples of these early electrodes are given in figure 4.9b,c. At this 
stage a method of m anufacturing low resistance microelectrodes with smooth ends 
W85 explored.
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Figure 4.9: Photographs of the  tips of microelectrodes, (a) Sharp electrode, (b)-(c) 
Typical early forceps-blunted electrodes: electrode (b) drifting in protein (5 mea­
surements), (c) very good electrode (20 measurements), (d)-(f) Typical examples of 
bevelled electrodes: electrode (d) clogged in protein after 5 measurements, (e) per­
formed well giving 19 readings, (f) gave drifting and unstable readings. Tip sizes were 
24, 20, 28, 13 and 20 fim for electrodes (b) to  (f) respectively . Photographs at 750x 
magnification.
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4.2.2 Grinder bevelled m icroelectrodes
The method th a t seemed suitable for the bevelling of microelectrodes employed a 
microelectrode grinder as described in section 2.5.2. Photographs of electrodes tha t 
were obtained are shown in figure 4.9d,e,f. These electrodes were tested again in 
1 mM Tris-HCl buffer, 10 mM NaCl, pH 8.0. A molecular charge of -12.0±0.5e was 
obtained for BSA with 3 electrodes from the total of 21 mezisurements. The bevelling 
however did not improve performance of the electrodes, on average they did not last 
longer than the ‘jagged’ electrodes.
4.2.3 Junction-renewable m icroelectrodes
After examining a large number of electrode tips and relating the tip  structure to the 
potential and resistance traces, it became apparent th a t most of the electrode tips 
had similar diam eter (typically around 20-40 fj,m) whether they were good or bad 
and there were no structural features th a t distinguished them  within th a t range of tip 
sizes. We were almost ready to accept the fact tha t it might not be possible to find out 
what makes so few electrodes last for many measurements giving stable, reproducible 
results thus making them a reliable tool. On close examination of the potential and 
resistance traces I concluded tha t blockage of the tip (usually with the protein) waa the 
event ending functioning of most electrodes. After examining an open liquid junction 
m acroelectrode with a glciss sleeve (from Radiom eter Copenhagen) a simple solution 
to this problem occurred to me. The loosening of the sleeve of the macroelectrode 
was enabling some of the filling solution to drip out of the end of the electrode thus 
renewing the liquid junction. The electrode was very large (tip size about 1 cm) 
and was leaking KCl when left in a vertical position even with the sleeve tightened. 
It was completely useless for small samples which were affected so strongly by KCl 
leakage. But it gave me an idea th a t perhaps one could renew the microelectrode 
liquid junction in a similar way, possibly by tightening its holder slightly. I tried it 
every tim e an electrode resistance jum ped, and it worked! The resistance would go
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back to the initial value and so would the potential. To be on the safe side the holder 
was always tightened when the tip of the microelectrode was immersed in the buffer. 
Even when performed while the electrode tip was in the protein com partm ent, to see if 
this would push out much KCl, the potential was not affected by the tightening. Such 
junction-renewable electrodes were used in the Donnan potential measurements for 
F-actin, Tm -tn and RTFs described in chapter 5. These measurements were carried 
out in pCa buffers whose composition is given in table 5.1. Some example traces of 
potentials and resistance for Tm -tn in pCa 8.7 buffer are given in figure 4.10 with the 
tightening of the holder indicated. Also photographs of the tips of the electrodes used 
are presented in this figure.
Using this technique the lifetime of a m ajority of electrodes could be extended to 
obtain 20 or more measurements. Most im portantly, the microelectrodes for which 
blockages could be removed by this simple procedure, became reliable tools. There 
were some electrodes th a t produced noisier traces and clogged up more often than 
others. Their examination under microscope did not reveal any structural feature 
tha t they shared: neither in size nor in shape. Photographs of typical electrodes to 
which the junction renewal technique was applied are shown in figure 4.11. Histograms 
of the tip sizes are given in figure 4.12 for Tm -tn, F-actin and RTFs. The pooled data 
for these 3 proteins form the histogram given in figure 4.13. These electrodes had tip 
sizes smaller (up to 15 /^m with average value about 12 //m) than the early electrodes 
to which the junction renewal technique was not applied (20-40 /im).
4.2.4 KCl leakage
An investigation into the cause of the characteristic behaviour of the potential ob­
tained with some of the, mostly early, electrodes was made. This behaviour w as  
described in section 4.2.1 and illustrated with traces in figure 4.8. A hypothesis was 
formed th a t KCl leakage was responsible for the characteristic drop in potential for 
some electrodes, especially with larger tip diameters.
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Figure 4.10: Potentials Urni (/prot recorded using junction-renewable microelec­
trodes for Tm -tn in pCa 8.7 buffer. Arrows indicate when the microelectrode had its 
holder tightened to renew the blocked junction. Traces for 2 samples at very similar 
protein concentration (9.6 and 9.3 m g/m l) recorded with 2 microelectrodes are shown. 
Resistance (77) trace is given for one of the samples (on the left) to illustrate the in­
crease in resistance accompanying the blockage. Time flows from top to  bottom . Also 
photographs of the tips of the electrodes used are presented (at magnification 750x).
125
(a)
( 1>)
( f )
( f )
( h )
1Ü//IT1
Figure 4.11: Photographs of the tips of typical microelectrodes to which the junction 
rcutewal technique was applied during the measurements of Donnan potentials for 
SA Tm-tn  f-ac t in and RTFs in pC'a buffers, (a) and (b) electrodes clogging both 
in buffer and protein (6 and 17 ^mi tips), (c) to (h) electrodes performing very well: 
(c) narrow lip electrode (.5 pm) ,  (d) smoothly broken electrode (10 pm) (e) and (f) 
tyi.ical jagged elect rodes (L5 and 14 pm tips), (g) and (h) very jagged electrodes (14 
and 1) //in tips). Photogra|)hs at 750x magiiificalioii.
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Figure 4.12: Distribution of the tip diameters  for ‘good'  and ‘b a d ’ microelectrodes (of 
the junction-renewable type) for Tm-tn ,  F-actin and RTFs.
127
Tm-tn & F-actin & RTFs
(0(D■oO
s_
U0)
0)
<1>SI
E
3
z
25 1
20
15
10
H
I  'Good' electrodes 
D 'Bad' electrodes
m
0 2 4 6 8 10 12 14 16 18 20
Tip size (pm)
Figure 4.13: Distr ibution of the tip diameters  for ‘good’ and ‘b a d ’ microelectrodes (of 
the junction-renewable type) -  da ta  pooled for Tm -tn ,  F-actin and RTFs.
It was desirable to use microelectrodes which would have minimal leakage themselves 
and introduce small amounts of concentrated KCl into the protein sample. In view 
of the problems with pH stability of Tris buffers at pH 8.0, work was performed at 
lower pH. The pH chosen was 6.4, since the charge of BSA was also measured with 
macroelectrodes at this pH twelve t imes for each of the sample volumes. Various 
settings of the microelectrode puller were tried and it was found tha t ,  at low values 
of pull and furnace, it was possible to obtain electrodes with resistance under 1 MQ 
which would not clog in BSA or buffer and gave stable potentials.  These electrodes 
had very short tips. Initially the Donnan potentials for BSA were measured without 
introducing any KCl in order to check whether such sharp electrodes of low resistance 
were giving values of the charge in agreement with macroelectrodes.  The potentials 
for 5 samples of BSA were measured (20 measurements of potential in total) and 
produced a molecular charge of -9 .8±0.4e as compared to the values obtained with 
the macroelect rodes (-8.84:0.3 e lor 1 ml and -9.34:0.6 e lor 0.25 ml). The agreement 
was assumed good enough to carry out the experiment with simulated KCl leakage.
128
Rl ' f r o i  : ^  ^
I K-r-WJ ,
r -  W ^  w ^  IrS
^ r e f
5 minutes
Figure 4.14: Example trace of potential  Uref and Uprot and resistance R  recorded 
using sharp microelectrodes of resistance less than 1 Mil  (0.77 Mil)  for a BSA sample 
in 1 mM Bistris-HCl, 10 mM NaCl, pH 6.4 buffer to which KCl was added.  Initial 
protein concentrat ion 12.5 m g/m l. final 11.5 mg/ml.  Initial sample volume 250 fil, 
final 273 pi.
The experiment was performed in the following way. The potential  was measured 
twice for 0.25 ml sample of BSA in 1 mM Bistris-HCl, 10 mM NaCl, pH 6.4 buffer 
to determine whether an electrode was suitable. Then microli tre amounts of initially
0.1 M KCl and later 0.5 M KCl in 1 mM Bistris-HCl, pH 6.4 buffer, were added,  and 
after each addition, potentials Uprot and Urof were measured.  If the electrode clogged 
before the final concentration of KCl was achieved the procedure was started again. 
An a t tem p t  was made to carry out the measurements in the t ime frame of 1 minute in 
buffer and 2 minutes in BSA bearing in mind tha t  the added KCl would diffuse out of 
the sample.  An example trace of the potential  and resistance is shown in figure 4.14. 
The results from 4 samples are shown graphically in figure 4.15 -  the potentials were 
averaged as the protein concentration differences between samples were small (less 
than 5%).
A measurement of the leakage rates for 12 microelectrodes into 10 mM KCl was 
made using the conductivity method  as used for macroelectrodes in section 4.1.3. 
Microelectrodes, blunted with forceps were checked in 1 / of 10 mM KCl to confirm
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Figure 4.15; Potential  {Uprot -  Urej) recorded using sharp electrodes ol resistance less 
than  1 MO for BSA samples in 1 mM Bistris-HCl, 10 mM NaCl,  pH 6.4 buffer to 
which KCl was introduced to simulate a leakage out of the microelectrode. Initial 
sample volume 250 ^1, Anal 273 //I. BSA dilution during the experiment (from 12.5 to 
11.5 m g /m l)  does not account for the large potential  change. D a ta  points are mean 
values of 4 measurements with standard  deviations indicated.
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Table 4.5: Rates of KCl leakage from microelectrocles whose tips were immersed for 
1 hour in 12 ml of 10 mM KCl at 25°C (determined with a conductivi ty meter).
Microelectrode Tip size (ytrni) Resistance (MD) KCl leakage rate (nmol-s” ^)
1 4.8 0.62 4-
2 5.6 0.50 4-
3 5.6 0.53 0.15
4 6.8 0.33 0.17
5 9.6 0.40 0.07
6 12.0 0.40 0.27
7 16.0 0.22 0.17
8 18.4 0.20 0.44
9 19.2 0.20 0.15
10 19.2 0.35 0.54
11 21.6 0.12 0.24
12 24.0 0.18 0.47
-k  Not d e te c ta b le .
whether they were working and had suitable resistance prior to the determination 
of their leakage rates. Also the sizes of the electrodes tips were determined under 
microscope at magnification 1250x . The  results are presented in table 4.5.
4.3 Effect of viscosity on electrode measurements
In the early macroelectrode experiments with solutions of F-act in potentials obtained 
were unusual and difficult to interpret  as described in section 4.1.5. It was suspected 
tha t  this was due to the viscosity of the samples. The  potentials establishing soon after 
placing the electrode in protein solution, were stable for a few minutes,  after which 
t ime the potential would slowly change, becoming more negative. These, initially 
stable potentials could easily have been taken as the Donnan equilibrium potentials,  
with the subsequent  changes in the potentials interpreted as caused by the KCl outflow 
from the macroelectrode.  It was not clear whether this was the case.
Both macroelectrodes and microelectrodes were therefore used to measure the po ten­
tials for 4 proteins differing in viscosity: BSA, Tm -tn ,  F-actin and RTFs. The protein 
solutions were dialysed into pCa 6.4 buffer overnight on ice, then each protein solution
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was divided into 4 (F-actin and RTFs) or 6 (BSA and Tm -tn )  samples of 0.25 ml each 
depending on how much of the protein was left over from measurements  at various 
Ca^+ levels described in chapter  5. Each sample was placed in a dialysis tubing sack 
and its Donnan potential was measured with ei ther  macro- or microelectrodes.
Junction-renewable microelectrodes were used and example potential  traces for the 
4 proteins are given in figure 4.16. Macroelectrodes K422 were used and the po ten­
tials were recorded until no further  change in potential was observed. Examples of 
macroelectrode traces for the 4 proteins are presented in figure 4.17. The potentials 
recorded during the first 10 minutes after placing an electrode into protein solution 
are plotted in figure 4.17a. Traces recorded until no further  change was observed, are 
plot ted in figure 4.17b. The  samples used for the macro- and microelectrode m ea­
surements for a given protein had similar concentrations, since they were taken from 
the same protein solution and no significant dilution occurred when the samples were 
placed in the  dialysis sack compartment,  as was confirmed in a protein concentration 
assay (microbiuret) .  The values of the potentials obtained with microelectrodes were 
nevertheless scaled to match  exactly the protein concentrat ions of the samples used 
for macroelectrode measurements,  for direct comparison.  It was checked tha t  the po­
tentials were linear with the protein concentrations for these experimental  conditions. 
These scaled values are represented by horizontal lines in figure 4.17.
Figure 4.18 contains 3 traces for BSA showing the reproducibili ty of the complex t ime 
course of the  potentials.  The horizontal lines represent the corresponding microelec­
trode potential values. Numerical values of the potentials,  protein concentrations, 
specific charge and equilibration times are given in table 4.6.
When the Donnan potentials and protein concentrations were determined,  the kine­
matic viscosity of the above four proteins was measured using the method described 
in section 2.9. For each protein concentration 6 measurements of the flow time were 
performed,  except  for the most concentrated sample of RTFs, for which only 2 mea­
surements were made. The  mean values of the kinematic viscosities obtained are listed
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Figure 4.16: Example traces of the potentials t ; , /  (bottom) and (top) recorded
using junction-renewable microelectrodes lor BSA, Tm -tn ,  E-act in and RTEs in pCa 
6.4 buffer. The  tightening of the electrode holder is indicated with arrows.
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Figure 4.17: Typical example traces of the Donnan potentials Ud recorded using 
macroelectrodes K422 for F-actin,  RTFs,  T m - tn  and BSA in pCa 6.4 buffer. Sample 
volume 0.25 ml. (a) First 10 minutes after placing the electrode into protein sample, 
(b) Full traces i.e. recorded till there was no further change in the potential .  Hori­
zontal lines are values of the potentials obtained with microelectrodes scaled to the 
protein concentrations for the samples used for macroelectrode measurements.
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Figure 4.18: Traces of the Donnan potential  for 3 BSA samples recorded using macro­
electrodes K422 in pCa 6.4 buffer. Sample volume 0.25 ml. Horizontal lines are values 
of the potentials obtained with microelectrodes scaled to the protein concentrations 
for the samples used for macroelectrode measurements.
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Table 4.6: Comparison of the Donnan potential Ud and specific charge qspe values ob­
tained with microelectrodes and macroelectrodes,  if the potentials at the first plateau 
are taken from the  t ime course of the macroelectrode potentials.  Measurements were 
performed on BSA, Tm-tn ,  F-actin and RTFs in pCa 6.4 buffer. The times after 
which the macroelectrode potential value was taken are denoted Cg, n is the number 
of Donnan potential  measurements with microelectrodes, Cp is the protein concentra­
tion.
Microelectrodes Macroelectrodes
Protein Cp
(mg/ml)
&D ± SD 
(mV)
n Çspn Cp
(mg/ml)
Ud
(mV)
Uq
(min)
Qspe
11.1 -1.404:0.03 10 -18.5 11.1 -1.41 3 -18.6
BSA 11.2 -1.43±0.04 10 -18.8 11.1 -1.44 5 -19.1
11.4 -1.414:0.05 13 -18.3 11.4 -1.42 2 -18.3
9.1 -1.594:0.05 15 -25.5 9.6 -1.65 20 -25.3
Tm -tn 9.3 -1.58±0.05 14 -25.1 9.9 -1.46 15 -21.8
9.7 -1.56±0.04 12 -23.7 10.1 -1.49 17 -21.6
F-actin 5.6 -0.87T0.03 10 -22.8 5.5 -0.74 30 -19.7
5.7 -0.824:0.04 11 -21.1 5.7 -0.86 40 -21.0
RTFs 6.4 -0.99T0.07 12 -22.6 5.4 -0.75 32 -20.4
6.6 -1.04±0.03 10 -23.2 6.2 -0.86 26 -20.4
in table 4.7 and shown graphically as a function of protein concentrat ion in figure 4.19. 
BSA was found to have very low kinematic viscosity even at concentrations as high 
as 90 mg/ml.  The kinematic viscosity of the other 3 proteins was strongly dependent  
on the protein concentrat ion in the range measured. For the same concentration the 
most viscous were the RTFs,  then F-actin, followed by T m - tn  with BSA being the 
least viscous of the 4 proteins.
4.4 Discussion
The KCl leakage rate out of the macroelectrodes tha t  were used was about  an order 
of magni tude  larger than for microelectrodes with diameters  up to about 25 //m. 
After an immersion of a macroelectrode into a sample compar tment containing the 
same buffer as the buffer outside the compar tment ,  negative potentials  were usually 
observed relative to the potential  recorded when both electrodes were in the outer 
buffer. The  magni tude  of these potentials was correlated to the KCl leakage rate out
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Table 4.7: Kinematic viscosity of BSA, Tm-tn ,  F-act in and RTFs determined 
by capillary viscometry at various protein concentrations. Mean values of 6 measure­
ments are given ±  SD except for the sample of the RTFs at highest concentration, 
for which the flow t ime was only measured twice. Measurements were performed at 
204:0.5°C in pCa 6.4 buffer.
Protein Cp (mg/ml) SD
91.4 1.463 0.014
73.2 1.294 0.007
54.9 1.167 0.009
36.6 1.059 0.023
18.3 0.951 0.008
BSA 10.9 0.984 0.048
9.1 0.923 0.014
8.8 0.924 0.022
6.6 0.905 0.006
4.4 0.899 0.025
2.2 0.884 0.014
1.1 0.881 0.008
9.5 38.22 0.56
7.6 19.74 0.11
Tm-tn 5.7 9.44 0.18
3.8 4.091 0.063
1.9 1.576 0.035
1.0 1.087 0.022
5.3 17.32 0.28
4.2 10.69 0.20
F-actin 3.2 6.46 0.15
2.1 3.42 0.11
1.1 1.75 0.17
0.5 1.75 0.39
6.1 301.2 5.2
4.0 73.6 1.1
3.2 24.90 0.46
2.4 7.92 0.11
RTFs 1.6 2.821 0.041
0.8 1.314 0.020
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Figure 4.19: Kinematic viscosity 7/ '^" of BSA, Tm-tn ,  F-actin and RTFs determined 
by capillary viscometry at 20±0.5°C in pCa 6.4 buffer as a function ol protein con­
centration. Diagram (b) is an enlargement of the bo ttom left part  of diagram (a).
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of the macroelectrode and it also depended on the membrane area and volume of the 
solution in the compar tment .  When a microelectrode was immersed in the sample 
compartment containing buffer solution, a constant  potential was observed equal to 
the potential when both the reference electrode and the microelectrode were in the 
outer buffer. This was found to occur whether Amicon microconcentrators  or dialysis 
tubing sacks were used.
Our experiments suggest tha t  the KCl leakage out of macroelectrodes placed in pro­
tein solution causes additional potentials to the Donnan potential .  The  t ime course 
of the potential observed when the reference electrode remains in the outer  buffer 
and the measuring electrode is placed into protein solution appears to be dependent 
on the KCl leakage ra te from the electrode, the type and volume of the sample and 
the membrane area of the sample compar tment .  Drifts towards more negative values 
were usually observed whose rate seemed to be dependent on the sample viscosity. For 
more viscous proteins the potentials changed so slowly tha t  the transient  potentials 
could be interpreted as the equilibrium value of the Donnan potential  and lead to 
reduced values of the net  charge or even positive values for negatively charged pro­
teins. Comparison of the potentials obtained with micro- and macroelectrodes for the 
same protein at s imilar concentration reveals tha t  an agreement between the values 
is obtained if the potential  value recorded with macroelectrodes at the first plateau is 
taken. It would be impossible, however, to know which value of the potential recorded 
with macroelectrodes,  which was changing over time, is the true Donnan equilibrium 
potential without  the microelectrode measurement.  It is not clear, however, if the slow 
rate of the changes in the potentials recorded for viscous solutions (F-actin,  Tm -tn ,  
RTFs) is due to long response t ime of the electrode or KCl leakage and accumula­
tion. For the BSA samples, which are less viscous, there is not such an ambiguity in 
the interpretat ion of the results since the potentials soon after placing the electrode 
in the protein solution are in agreement with the microelectrode potentials.  Thus 
macroelectrodes can provide accurate measure of the equilibrium Donnan potential 
provided that  the t ime course of the potential is obtained and interpreted correctly.
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In order to minimize the errors on the resulting values of the charge, electrodes with 
minimum KCl leakage rates (1 nmohs"^ or less) and sample compar tments  made 
entirely of semi-permeable membrane should be used. The  use of the set-up with 
two compartments  does not el iminate the problems stemming from the KCl outflow. 
The  rates of leakage are likely to be different for the com par tment  with buffer and 
the protein sample. Having the reference electrode inside a com par tment ,  where 
KCl accumulat ion can occur, obscures the phenomena occurring in the experimental 
system.
Some of the early microelectrodes exhibited a characterist ic drop in potential  towards 
more positive values when the electrode was placed in the protein sample for the 
first t ime and then reduced negative potentials were obtained.  If a new electrode 
was used for the same sample,  reduced potentials were also obtained,  suggesting 
tha t  sample contamination had taken place. The  experiment with simulated leakage 
showed tha t  the addition of ^umolar amounts of KCl to the BSA sample caused large 
changes in the  registered potentials s imilar to those observed for some forceps-blunted 
electrodes. These combined observations suggest tha t  very large outflow of KCl took 
place when these drops in potential were observed. Taking into account t ime scale 
of the changes in potentials observed, one obtains the outflow rate approximately 3 
orders of magnitude larger than in case of later electrodes. This suggests tha t  those 
microelectrodes were leaking KCl much more than later electrodes for which the rates 
were measured.  It is in agreement with the fact tha t  the earlier electrodes had tips 
of larger diameters,  although not all of the electrode tips were measured. To prevent 
clogging larger fragments were broken off the tip. Interestingly, the additions of KCl 
to the sample compar tment  caused the potential recorded with microelectrodes to 
become more positive as opposed to the changes seen in the potentials registered with 
macroelectrodes and associated with leakage of KCl.
The microelectrode technique was found to be very suitable for use with low viscosity 
protein solutions of BSA, viscous protein solutions of Tm -tn  and dilute gels of F-actin
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and RTFs. Microelectrodes with tip diameters  approximately 5-20 j im and resistance 
less than 1 MH, give reproducible results. Most electrodes with this t ip size give 
stable readings unless they get clogged up by the protein which leads to an increase 
in resistance and errat ic values of potential .  This usually occurred after only a few 
measurements for both the ‘jagged’ and bevelled electrodes, the bevelled electrodes 
not lasting on average longer than the ‘jagged’ ones.
An impor tan t  observation was tha t  the problem of microelectrode clogging can be 
overcome by renewing their liquid junction and making most of the electrodes last as 
long as was required for the measurements.  This was discovered to be achieved by 
tightening the electrode holder a very small fraction of a turn which slightly increased 
the pressure of the filling solution inside the holder and electrode and pushed the 
clogging protein out of the tip. This procedure was very successful when applied to 
electrodes blunted with forceps. Since it is much easier and faster to manufacture 
blunted electrodes by breaking their  tip off with forceps than to bevel them  with an 
electrode grinder and since the performance of ‘jagged’ electrodes was very satisfactory 
with an occasional junction renewal, I decided to use this type of electrode for my 
measurements described in chapter 5.
The  microelectrode technique has an advantage in comparison to the macroelectrode 
technique tha t  the size of the measuring electrode is very small in relation to the 
sample size and also the  KCl leakage rate is lower than for macroelectrodes.  Hence 
a microelectrode does not affect the sample as much as a macroelectrode and the 
readings are stable instantly after immersion of the electrode into the sample.  Since 
the transfer of the microelectrode between the outer  buffer and the protein causes 
negligible protein dilution and the immersion of the electrode in the protein sample 
does not cause KCl accumulat ion tha t  would lead to observable additional potentials,  
one can repeat the measurements  of the potentials to achieve greater  accuracy and 
determine the protein concentrat ion afterwards.
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4.5 Conclusions
The following main conclusions can be drawn:
1. The  macroelectrode technique is more suited for protein solutions of low vis­
cosity like BSA. In higher viscosity samples such as F-actin or RTFs the initial 
potentials registered after placing an electrode in the protein sample can be 
interpreted as Donnan potentials.  This can lead to obtaining very reduced neg­
ative or even positive value of charge for negatively charged proteins. In case of 
low viscosity samples, KCl leakage from macroelectrodes can cause large errors 
in the Donnan potentials.  These can be minimized if electrodes with leakage 
rates of 1 nmoFs"^ or less are used in a set-up with one sample compar tment 
entirely made of dialysis tubing. The  analysis of the t ime course of the po­
tentials is crucial for the detect ion of the effects caused by KCl leakage and 
accumulation.
2. Reproducible values of the Donnan potentials can be obtained with microelec­
trodes for protein solutions of low and high viscosity. Electrodes of resistance less 
than 1 MD and tip size approximate ly 5-20 ^ m  can be used for protein solutions. 
Microelectrodes do not affect the samples in the same way as macroelectrodes 
do: the KCl outflow rate is an order of magnitude lower for microelectrodes of 
tip sizes up to 25 f im and, due to the small tip size, the transfer of the electrode 
between the outer  buffer and the protein sample does not cause its dilution. 
Microelectrodes, however, tend to clog up in protein solutions, which leads to 
an increase in resistance and errat ic potential values. This can be overcome by 
renewing the microelectrode liquid junction by slight t ightening of the holder.
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C h a p t e r  5 
C a l c i u m  e f fec t  on t h i n  f i l a m e n t  
c h a r g e
5.1 Introduction
Calcium is the triggering factor for muscular  contraction.  In a resting muscle the free 
calcium concentration in the sarcoplasm is mainta ined at approximately 0.1 fiM by 
the operat ion of an ATP driven Ca^"^ pump. A nerve impulse stimulates a release of 
Ca^+ from the sarcoplasmic ret iculum into the sarcoplasm raising its concentration to 
about 10 /iM. The role of the tropomyosin-troponin complex in the calcium regulation 
of muscle contraction was reviewed in section 1.3.3. The  mechanism of calcium reg­
ulation at the molecular level, however, still remains unexplained and as challenging 
as the mechanism of muscular contract ion itself.
Experiments  with glycerinated rabbit psoas muscle fibres in our laboratory revealed a 
cooperative change in the Donnan potentials occurring with changes in the free Ca^+ 
concentrat ion,  [Ca* '^ ]^, (Coomber and Elliott, 1995, 1996). Also Donnan potential 
measurements were carried out on gels of F-actin and reconst i tuted thin filaments 
in our laboratory,  which suggested tha t  there was a change in the charge of these 
proteins with [Ca^+] (Jen ni son, 1992). The results of these studies were described in 
section 1.6.2.
The aim of the work described in this chapter  was to measure the net electric charge on
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the tropomyosin-troponin complex (Tm-tn),  F-actin and reconst i tuted thin filaments 
(RTFs) as a function of the concentrat ion of free Ca^'^. Also a parallel experiment was 
to be conducted on a protein known to bind Ca^"  ^ and Mg^"^ in a non-specific manner.  
For the control protein,  BSA was chosen since albumins bind Ca/^+ and ions
with low affinities. Human serum albumin binds Ca^ "*" with association constant , K, 
approximately 1x10^ at pH 7.4 and ionic strength 0.15, whereas it binds Mg^"^ 
with K approximately 1x10^ (Peters,  1996).
The difference in Donnan potentials with changes in [Ca^+], observed in our labora­
tory for rabbit muscle fibres, was of the order of 0.5-2mV at ionic strength 72 mM 
(Coomber and Elliott,  1995, 1996). The  protein concentrat ion in muscle is high, for 
example act in concentration in the thin filament is approximate ly 400 m g /m l  as can 
be calculated from the data in Bags haw (1993). It was not possible experimentally 
to isolate pure proteins in quantities producing concentrations of this magnitude  in 
samples of sufficient size for Donnan potential measurements.  Even if the effects 
observed in the whole muscle were to be manifest in reconst i tuted thin filaments or 
their  components, it would not be possible to detect them using samples of concentra­
tions at least an order of magnitude lower since Donnan potential is proportional to 
protein concentrat ion (see figure 1.5b). Another feature of Donnan potential needed 
to be exploited, namely its dependence on ionic strength (see figure 1.5a). One can 
obtain higher values of the Donnan potential if the ionic strength of the solution is 
lowered, al though this may mean tha t  the measurements are carried out under less 
physiological conditions.
An im portan t  consideration is tha t  both Tm-tn  and E-actin are negatively charged 
at neutral pH (see table B.2) and one could expect a s trong electrostatic repulsion 
between the two, especially at lower ionic strength,  when the Debye length becomes 
larger. Indeed Tm -tn  dissociates from E-actin at low ionic strength,  and this effect is 
used in the isolation of T m - tn  from muscle acetone powder described in section 2.3.5, 
where the separat ion is carried out in water. Eisenberg and Kielley (1970) found
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that  the inhibition, in the presence of EGTA, of the acto-HMM and acto-Sl  AT Ease 
by Tm -tn  disappeared at a KCl concentration below 15 mM. They  a t tr ibu ted  this 
effect to a possible dissociation of Tm -tn  from E-actin. .Jennison (1992) carried out 
a reconsti tution of thin filaments using a 1:1 ratio of Tm -tn  and act in (w/w) and 
found tha t  when the reconsti tution took place in the rigor buffer or its 2-fold dilution, 
the percentage of T m - tn  in the gel was approximately 33%. If the reconsti tut ion was 
carried out in a 5-fold dilution of buffer R, the percentage was only about  15%.
Therefore, before a t tempt ing  to measure the Donnan potentials,  it was necessary to 
establish how low an ionic strength could be used without causing a dissociation of 
Tm -tn  from F-actin.  It was anticipated tha t  use of lower ionic strength solutions 
could be made than a 2-fold dilution of the rigor buffer, if the thin filaments were 
reconsti tuted under  s tandard  conditions and the ionic strength was lowered later.
5.2 Method
5.2.1 E x p er im en ta l so lu tions
The solutions with various [Ca^"^j used for the experiments described in this chapter 
were prepared with special care as outlined in section 2.1. A Ca-EGTA buffer system 
was used to achieve a wide range of free Ca^"^ concentrations down to nanomolar  levels. 
The total concentration of CaCl 2 and EGTA used was 1 mM, and the proportion of 
their concentrat ions was varied. The base solutions, to which the Ga-EGTA buffer 
and NaNg were added,  were dilutions of the rigor buffer (buffer R).
The use of several n-fold dilutions of buffer R (where n =  2,4,5,6,7,8,9,10 and 20) was 
made for the determinat ion  of the ionic strength sufficient to maintain  the bonding 
between Tm -tn  and E-actin. Also, 0.005% NaNg was added to the R /2  solution which 
was the start ing solution for subsequent dilutions. Two series of the dilutions were 
prepared i.e. with high and low [Ga^ "*"] (containing 0.6mM CaGG and 0.4 mM EGTA 
or 0.01 mM GaCl] and 0.99 mM EGTA, respectively).
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Table 5.1: Composit ion of the experimental  solutions with varied free Ca^+ concentra­
tion used for Donnan potential measurements (pCa buffers). All solutions contained 
10 mM KCl, 0.5 mM MgCD, 0.002% NaNg, 2 mM potassium phosphate,  pH 7.0.
Total Concentrat ion of free ions Ionic
concentrat ion (mM) Ca^+ Mg"+ strength
CaClz EGTA (pCa) (mM) (mM)
0.01 0.99 8.7 0.42 19.0
0.05 0.95 7.9 0.42 19.0
0.20 0.80 7.1 0.43 18.8
0.40 0.60 6.4 0.44 18.6
0.50 0.50 5.1 0.44 18.5
0.60 0.40 3.9 0.44 18.4
1.00 0.00 3.2 0.45 18.0
The  base solution for the Donnan potential measurements was a 10-fold dilution of 
buffer R (10 mM KCl, 0.5 m M  MgCl 2 , 2 mM potassium phosphate buffer, pH 7.0) 
with the addit ion of 0.002% NaNg. The concentrations of CaCC and EGTA which 
were added to these solutions are given in table 5.1. The table also contains the 
free Ga^+ and Mg^"^ concentrations and ionic strength which were calculated using 
the P e r r i n  program (Abbott ,  1976) with the stability constants listed in table A.l 
in appendix A. The concentration of free Mg^"^ and ionic strength varied very little 
between the solutions of the series.
5.2 .2  P ro te in  preparation
F -a c tin  was isolated following the procedure described in section 2.3.4 (Pardee and 
Spudich, 1982). T m - tn  and RTEs were prepared according to the method of Murray 
(1982) as described in sections 2.3.5 and 2.3.6 respectively. BSA fraction V was 
purchased from BDH.
F-actin pellets were covered with 2 ml of the solution tha t  they were in at the fi­
nal stage of isolation (50 mM KCl, 1 mM MgGl], 1 mM Na 2 ATP, 0.2 mM CaCfi, 
0.5 mM /7-mercaptoethanol , 0.02% NaNa, 2 mM Tris-HCl, pH 8.0). They were then 
stored on ice and used within 2 weeks. After 1 week, when the pellets became less
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firm, they were re-centrifuged in a Beckman 90Ti rotor  at 155 000x g for 1.5 hours at 
4°C. In order to transfer the protein into a pCa buffer, the pellet was re-suspended 
in the desired pCa buffer and subsequently the protein solution was dialysed against 
1 1 of the buffer overnight with rapid stirring on ice. The protein solution was then 
divided into six 0.25 ml samples which were used for Donnan potential  measurements.
Pellets of R T F s were trea ted  in the same way as pellets of F-actin,  except for the 
medium used to cover them during storage which was 0.1 M KCl, 2 mM MgC^,  
0.2 mM DTT, 10 mM Tris-HCl, 0.02% NaNa, pH T.O.
T m - tn  was initially concentrated by dialysis against a pCa 7.1 buffer to which poly­
ethylene glycol (of MW 20 kDa) was gradually added.  The concentrat ion process 
typically took several hours, the initial and final protein concentrat ions were approxi­
mately 3 and 10 m g/m l  respectively. The  concentrated protein solution was stored on 
ice and used within a week. Aliquots of 1.8 ml of the protein solution were dialysed 
against 1 / of a pCa buffer overnight on ice and then each of them  was divided into 
six 0.25 ml samples which were used for Donnan potential  measurements.
B SA  was dissolved in a pCa buffer at a concentration approximate ly 10 mg/ml.  The 
protein solution was then dialysed against 1 / of tha t  buffer overnight on ice.
5.2 .3  T rop om yosin -tropon in  b inding to  act in
The protein concentrat ion was determined in the pellet and supernatant  after cen­
trifuging RTFs tha t  had been incubated in solutions of various ionic strengths.  The 
microbiuret  method (described in section 2.2) was used for the protein determination.
RTFs in R /2  buffer with 0.005% NaNg and high or low [Ca^+] (containing 
O.OmM C a C b  and 0.4 mM EGTA or 0.01 mM CaCR and 0.99 mM EGTA, respec­
tively) were used for the experiment.  50 ;d protein samples were transferred to 2 ml 
centrifuging tubes and diluted to obtain a series of n-fold dilutions of the R buffer 
(where n =  2,4,5,6,7,8,9,10 and 20), the CaCG and EGTA concentrat ions were, how­
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ever, maintained as in the start ing solutions. The  resulting pCas for these solutions 
were calculated with the P e r r i n  p rogram  (Abbott ,  1976). There was a negligible 
increase in the pCa values with dilution for the low [Ca^+] series (from 8.63 for the 
R/2 solution to 8.66 for the R/20 solution), with the average of 8.6 for this series. 
There was some decrease in the pCa values with dilutions for the high [Ca^+] series 
(from 4.3 for the R /2  solution to 3.8 for the R/20 solution), with the average pCa of
4.0 for this series.
The concentrations of the diluted samples were around 1.7 mg/ml .  The  samples were 
mixed on a rotary stirrer  at 8°C for 1 hour and then they were left on ice for the night. 
The following morning the samples were centrifuged at 100 000x g in a Beckman 90Ti 
rotor for 2 hours at 2°C. After removing and reserving the supernatant ,  the pellet was 
gradually transferred into 3.5 ml of NaOH, used in the microbiuret assay, by adding 
initially 0.5 ml and then three times of 1 ml, of NaOH to the tube and vortexing 
the contents. The  mass of the pellet was determined for the low [Ca^+] series, these 
pellets contained slightly more protein than the high [Ca^+] series samples (on average 
0.87 mg compared to 0.82 mg for the other series). The empty  tubes were weighed 
as well as the  tubes with the pellet. The  mass difference was between 10 and 20 mg, 
the exact mass of pellet was difficult to determine due to some moisture on the walls 
of the tubes and also a small amount of solution left on the surface of the pellet. The 
mass of the pellet, however, could not have been greater  than 10 or 20 mg, and in 
the calculations of the relative amount of protein in the pellet and supernatant ,  the 
supernatant  volume was assumed to be 0.5 ml and the pellet volume negligible.
5.3 Results
5.3.1 C oncen tration  o f  free
Two methods were used to verify the concentrations of free Ca^"^ obtained using the 
P e r r i n  program : a calculation method utilizing an ap p aren t binding constant Kapp
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and an experimental  method involving the use of Ca^+ sensitive electrodes. 
C a lc u la tio n  of [Ca^+] fro m  Kapp
The apparent  binding constant  (Kapp) method (described in section 2.7) is a method 
widely used throughout l i terature to calculate the concentrations of free Ca^ "*" in so­
lutions.
Two values of the apparent  binding constant Kapp were taken from literature: 
4.8x10® M “  ^ (Reuben et al., 1971) and 4.2x10® (derived from Harafuji and
Ogawa, 1980). The  former had been calculated from individual stabil ity constants 
for pH 7.0. The  lat ter value was obtained by adjust ing an experimental  Kapp 
9.72x10® of Harafuji and Ogawa (1980) which had been determined in a so­
lution containing 0.1 M KCl, 10 mM potassium phosphate buffer (pH 6.8), of ionic 
strength 0.12 M. This value was adjusted to ionic strength 18.6 mM  and pH 7.0. 
The  ad justment  for ionic strength was made using the Hiickel equation (equation 2.3) 
with the parameters  as given in Harafuji and Ogawa (1980). The ad justment for 
pH was made according to the relationship obtained by Harafuji and Ogawa (1980): 
A logjQ Kapp =  2 X ApH. These corrections gave the final value of Kapp equal to 
4.2x10® M ' \  which was used.
The effect of Mg^^ on the Kapp for Ca-EGTA was neglected. In order to estimate 
whether this was justified, the da ta  from the P e r r i n  program ou tpu t  files was used 
to calculate the concentrations of the EGTA complexes with the metal  ions present in 
solutions. The  results are plot ted in figure 5.1. It can be seen tha t  EGTA forms com­
plexes predominantly with Ca^+ as would be expected.  At very high pCas however, 
the concentration of the complexes of EGTA with Ca^+ decreases to become slightly 
lower than the concentration of the EGTA complexed with Mg^+. The  presence of 
monovalent ions could certainly be neglected, whereas neglecting the presence of Mg^"^ 
may cause some inaccuracies at pCas above 8.
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Figure 5.1: The amounts (on a logarithmic scale) of EGTA in complexes with Ca^+, 
Mg^ "*", and Na"^ in the pCa buffers used for the Dorman potential  measurements.
The  pCa  values obtained for our experimental  solutions by solving the set of equa­
tions 2.1 using two values of apparent  binding constants are given in table 5.2. An 
excellent agreement between the values obtained using the P e r r i n  program and the 
apparent  binding c o n sta n ts  can be seen.
A calculation was also made to determine the pCa of the solution used by Coomber
an d  Elliott (1995, 1996), whose pCa was rep o rted  to be 6.2, in order to be able to
relate our results to the results obtained with muscle fibres. The  P e r r i n  program
was also used in their calculations, however, different sets of s tabil ity constants were 
used. The pCa obta ined for this solution was 6.8. The discrepancy can be explained 
by the  fact that  a fo rm a tio n  of six calcium containing complexes in our set of stability 
constants  was considered, as opposed to three complexes tha t  were considered in their 
set of s tability constants.  Hence [Ca^+] obtained using the set of 6 stability constants 
was lower.
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Table 5.2: Comparison of the free Ca^"^ concentrat ion in solutions whose composition 
was given in table 5.1 calculated using the P e r r i n  program (Abbott,  1976) and two 
values of apparent  binding constants Kapp.
Concentration of free Ca^ """ (pCa)
Calculated 
with P e r r i n
Calculated from Kapp
K :_  4.8x10^ M -: K L  4.2x10^ M-^
8.7 8.7 8.6
7.9 7.9 7.9
7.1 7.2 7.1
6.4 6.4 6.3
5.1 5.0 5.0
3.9 3.7 3.7
3.2 3.0 3.0
■k K a p p  c a lc u la te d  f r o m  s t a b i l i t y  c o n s t a n t s  for p H  7.0 by  R e u b e n  e i  a l .  (1971).  
t Kapp o b ta i n e d  f ro m  a  va lue  d e te r m in e d  e x p e r i m e n t a l l y  a t  pH  6.8, ionic  s t r e n g th  0 .12  M,
2 0 ° C  by  c o r r e c t in g  it to  ionic  s t r e n g th  18.6 m M  a n d  pH  7.0 (H a ra fu j i  a n d  O g aw a ,  1980).
E le c tro d e  d e te rm in a tio n  of [Ca^ "*"]
The measurements were performed as described in section 2.8. Potentials for the pCa 
buffers and standards (CaCl 2 solutions in 10 mM  KCl) were measured with two types 
of Ca^^ sensitive electrodes: IS 561-Ca (Millier, Switzerland) and Elit 041 (Merck, 
England).
The  da ta  obtained with the Miiller electrode indicated a loss of sensitivity of this 
e le c tr o d e  as the range of potentials recorded for the pCa  buffers decreased from about 
120 mV in the first experiment to about  65 m V  in the second experiment which was 
carried out a week after the first one. The  other  electrode (from Merck) gave more 
reproducible results and these results are presented here.
Values of the potentials obtained with the Merck electrode for the pCa buffers are 
plot ted against the calculated values of pCa in figure 5.2. In this figure the potentials 
recorded for s tandards are also drawn as a function of the concentrations of CaCE 
added to the 10 mM KCl solutions.
There is not such a good agreement between the potentials recorded for the standard
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Figure 5.2; Potentials recorded with sensitive electrode Elit 041 (Merck) for
the experimental  pCa buffers and standards.  Standards were 10 mM KCl solutions 
containing various amounts of added CaCK and the potentials for the standards are 
plot ted against the pCa of added CaCl 2 . The  potentials for pCa  buffers are plot ted 
against the pCa values calculated using the P e r r i n  program (Abbott ,  1976).
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solutions in the two experiments as there is for the solutions with the Ca-EGTA 
buffering system. The  same standard solutions gave potential  values much higher 
after being stored for one week in plastic containers in a refrigerator. The  plastic 
must have released some calcium in tha t  period of time.  The f lat tening of the curve, 
for the standards at about  1-10 //M of CaCE added,  is not a result of the electrode 
detection limit having this value, since the electrode gave lower potentials for three 
pCa buffers. It can be concluded that  all the s tandard  solutions contained a high 
background level of free Ca^+. This was about  1-10 (in the first experiment) ,  as 
might be expected for solutions not containing EGTA. Hence only the standards with 
GaCl] concentrations 10“^, 10"^, 10~^ M could be used to cal ibrate the pCa buffers. 
The lack of reproducibili ty in the measurements for the standards,  however, proves 
their very limited value.
The relationship between the potentials recorded for the pGa buffers and the values 
of pCa  has a curve shape ty p ic a l for the so-called e le c tr o d e  function curve of an 
ion selective electrode (Ammann, 1986). It has a linear range at higher free ion 
concentrations (or str ictly speaking activities), a c c o r d in g  to the Nernst  equation. At 
lower activities of the ion , the curve f la tte n s  out until there is no further  ch a n g e  of 
the recorded potentials with the changes in the ion activity. All the pCa buffers had 
[Ca^+] above the detect ion limit of the electrode. Different potentials obtained from 
the buffers with different calculated pCas confirm tha t  there were differences in the 
pCa values between them.
The overall conclusion is tha t  the actual concentrations of free Ga^+ could not be 
determined accurately using the Ca^+ sensitive electrodes, even at millimolar level, 
due to a lack of available sta n d a rd s  with precise and stable c o n c e n tr a t io n s  of calcium. 
Since the pCa values obtained with the P e r r i n  p rogram  could be verified satisfacto­
rily with another method,  those pCa values will be used as accurate  measures of the 
free Ga^+ concentrat ions in the experimental  solutions.
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5.3 .2  S D S -P A G E  protein  purity  d eterm in ation
12.5% SDS-PAGE gels were run to check all the protein preparat ions, the system 
described in section 2.4.1 was used. The interpretation of the  band pat te rn  is based 
on Bagshaw (1993).
Figure 5.3 contains a p h o to g ra p h  of an act in gel together with a densi tometer  scan  of 
an overloaded lane (lane B of the gel). The  densitometer  scan is plot ted as the relative 
absorbance (normalized to the absorbance of the strongest peak) a g a in s t  relative 
mobility R j  (defined as the ratio of the distance, from the s tart  of the resolving gel, 
migrated by the protein divided by the  distance migrated by the buffer). This method 
of presenting the densitometer  scans was chosen in order to allow direct comparison 
between gels.
A photograph of a gel with two batches of Tm -tn  is shown in figure 5.4. Only the 1st 
batch was used in the m ic r o e le c tr o d e  measurements presented in this ch a p te r , the 2nd 
batch was used in earlier m a c r o e le c tr o d e  m e a su r e m e n ts , whose results are not given 
in this thesis. These protein preparat ions were not pure, the main impuri ty was actin, 
whose band is of similar intensity to the bands of tropomyosin and troponin T. Other 
bands tha t  correspond to c o n ta m in a n ts  are also quite pronounced -  one running close 
to the buffer front and several bands with proteins of higher molecular weight than 
actin, possibly fragments of the heavy chain of myosin.
Figure 5.5 contains a photograph of a gel where RTFs,  as well as G-act in and Tm-tn  
used for the r e c o n s t itu t io n , are shown. T m - tn  was not pure an d  contained impurities 
similar to other preparat ions of this protein complex (shown in figure 5.4). In the 
process of the reconsti tution however, only the desired proteins from the preparat ion 
had bound to actin  since the RTFs were purer  than Tm-tn .
Figure 5.6a contains densi tometer  scans of lanes B and D from the T m - tn  gel shown 
in figure 5.4. A scan of a lane containing RTFs (lane G from the RTFs gel presented 
in figure 5.5) is shown in figure 5.6b. A comparison of the scans of T m - tn  and RTFs
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Figure 5.3: (a) 12.5% SDS-PAGE of rabbit actin. The molecular weights of the 
markers are given on the right. Gel lanes: A. and B. actin (6.5 and 19 fig respectively), 
C. W\K  markers. Diagram (b) shows a densitometer  scan of lane B of the above gel.
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Figure 5.4: 12.5% SDS-PAGE of rabbit Tm-tn.  The molecular weights of the markers 
are given on the right and the bands in the protein preparat ion are indicated on the 
left. Lanes: A. and B. Tm -tn  (1st batch), C. and D. Tm-tn  (2nd batch), E. MW 
markers. The quanti ty of Tm-tn  applied was: 3 fig for lanes A,C and 9 fig for lanes 
B,D. Only the 1st batch was used in the microelectrode measurements presented in 
this chapter,  the 2nd batch was used in earlier macroelectrode measurements,  whose 
results are not given in this thesis.
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Fdgiire 5.5; 12.5% SDS-PAGE of rabbit RTEs. The bands in proteins under study 
are indicated, MW markers were as in figure 5.4. Lanes: A. Tm-tn  used for the 
reconsti tution (3 pg), B. G-actin used for the reconstitution (3.7 fig), C. RTEs (7 fig), 
D. MW markers, lanes E ,F ,G  are a repeat of the first 3 lanes with the protein amount 
increased 3-fold.
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Table 5.3: Comparison of the theoretical and experimental  protein ratios in the prepa­
ration of T m - tn  and RTFs.  The experimental values were determined by SDS-PAGE 
with respect to the  amount of t ropomyosin present and are means of 6 ratios ± SD.
Protein
band
Protein preparat ion
Tm-tn RTFs
SDS-PAGE Theory SDS-PAGE Theory
Actin 2.0 ±0.1 0 5.4 ±0.5 7
T n T 1.9 ±0.1 1 2.4 ±0.1 1
T m 1 1 1 1
Tnl 1.1 ±0.1 1 1.2 ±0.2 1
TnC 0.31±0.05 1 0.48±0.13 1
lanes reveals a good agreement between the  R j  values of the corresponding peaks. 
Also the  purifying effect of the reconst i tut ion procedure can be clearly seen.
The ratios of the proteins in the preparat ions of Tm -tn  and RTFs were determined as 
described in section 2.4.1 and are presented in table 5.3 together with the theoretical 
values. Six lanes in the linear range of the relationship between the peak area and 
protein amount were taken from 12.5% gels for the determina tion of the ratios for 
both T m - tn  and RTFs.
The molecular  weights of the proteins were determined using linear regression. The 
relationship of the log^gMW versus the distance of migrat ion from the beginning of 
the resolving gel, Dm:  was determined to be linear up to 45 kDa in the 12.5% gels, 
al though there was slight indication of a deviation from linearity for the 45 kDa 
marker. Hence the markers with MW up to 45 kDa were used to determine the MW 
of actin,  whereas markers with MW up to 36 kDa were used lor the determination 
of the MW for the other proteins which had higher mobility than the 36 kDa marker 
(Tm, TriT, Tnl ,  TnC).  For each protein, six protein lanes taken from 4 gels were 
analysed. The  results are presented in table 5.4 together with the values of the true 
MW calculated from the sequence (from table B.2).
There is generally a reasonable agreement between the experimental and true molecu­
lar weights for the proteins isolated, except for t roponin T, for which the MW, deter-
158
a)
b)
0)O
Cnjai—O(/)n
<
o
>
m
0)
a:
Actin
1
Tn I
0.5
TnC
0
0 0.2 0.4 0.6 0.8 1
Relative mobiiity/?^
Actin
i
TnT
Tm
0)ucco.O
o(/)
<  0 . 5 -
0)>
Tn I
TnC
0 0.2 0.4 0.6 0.8 1
Relative mobilityR^
Figure 5.6: Densitometer  scans of 12.5% SDS-PAGE gels, (a) T m - tn  (lanes B and D 
from the gel shown in figure 5.4 are plotted with the solid and do tted  lines respec­
tively). (b) RTFs (lane G from the gel presented in figure 5.5).
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Table 5.4: Molecular weight of actin and the components in the preparat ions of Tm-tn  
complex and RTFs determined from 12.5% SDS-PAGE gels and calculated from the 
sequence in kDa. The molecular weights determined from the gels are means ±  SD 
of values obtained from 6 protein lanes collected from 4 gels for each preparation.
Protein
band
Protein preparat ion Calculated MW 
(fast muscle)Actin Tm -tn RTEs
Actin 40.5T1.2 40.7T0.6 39.84:1.0 42.1
T n T - 35.3T0.5 35.5T0.8 3 0 ^
T m ( a ) - 33.5T0.4 33.7T0.7 32.7
Tnl - 24.2±0.3 24.54:0.6 21.1
TnC - 19.3±0.2 19.6T0.5 18.0
mined from gels, is higher. In fact t roponin T has a lower true M W  than tropomyosin 
but it displays lower mobility in the gel than tropomyosin.  This  phenomenon has 
been observed in SDS-PAGE gels of rabbit  myofibrils (Bagshaw, 1993; Wang, 1982).
5.3 .3  T ropom yosin -trop on in  b inding to  actin
A centrifuging study  was carried out as described in section 5.2.3. The relative 
amounts of protein in the supernatan t  and pellet, after centrifuging the RTEs in­
cubated in solutions of various ionic strength,  are plot ted in figure 5.7. A complete 
dissociation of the Tm -tn  from actin would result in the presence of the dissociated 
protein in the supernatant  fraction. In tha t  case, the relative amounts  of protein 
would be approximate ly 31% and 69% for the supernatant  and pellet fractions re­
spectively. This was not observed even at the lowest ionic strength,  for all samples 
the relative amount  of protein in the supernatant  was lower than 10%. On the basis of 
these results it was decided to carry out Donnan measurements at lower ionic strength 
than those performed with muscle fibres. A 10-fold dilution of buffer R was chosen as 
the base solution for our buffers with varied [Ca^'^].
A comparison was made of the SDS-PAGE band pa ttern of RTEs immediately after 
reconst i tut ion and after complet ing the Donnan potential measurements  at low ionic 
strength.  The  filaments tha t  were left over from Donnan potential  measurements were
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Figure 5.7: Protein distribution between supernatant  and pellet for RTFs in solutions 
of various ionic strength,  which were dilutions of buffer R (0.1 M KCl, 5 mM MgCl2 , 
20 mM potassium phosphate,  pH 7.0). RTFs were incubated at concentrations ap­
proximately 2mg/ml  in the appropr ia te solutions overnight on ice and centrifuged at
lOOOOOxg for 2 hrs at 2"C.
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Figure 5.8: 12.5% SDS-PAGE of rabbit RTEs immediately after reconstitution and 
after Donnan potential measurements.  Lanes: A. MW markers, B. RTEs immediately 
after reconsti tution,  C. to I. pellet fraction from the centrifugation of RTEs in buffers 
of pCa 3.2, 3.9, 5.1, 6.4, 7.1, 7.9 and 8.7 (from left to right). The  amount of RTEs 
applied was 12 fig.
diluted 20-fold with the appropriate pCa buffers to concentration 0.3 mg/ml.  This 
was performed directly before spinning the samples at 100 000x g for 2 hours at 4 C. 
The pellets from this centrifugation were dissolved directly into the sample buffer 
for electrophoresis. Eigure 5.8 represents a photograph of a 12.5% gel of the RTFs 
immediatelv after reconstitution and after Donnan potential measurements.  There are 
no detectable differences between the samples. This confirms tha t  the composition of 
the samples used remained unchanged during the Donnan potential measurements.
5.3 .4  N e t  charge m easu rem ents
The Donnan potentials were measured for six 0.25 ml samples of each of the four 
proteins (F-act im Tm-tn ,  R I Fs and BSA). Buffers listed in table 5.1 were used. The 
sample compartments were made of dialysis tulhng with 6 mm diameter ,  the reference
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Table 5.5: The  specific charge qs-pe of BSA, F-actin,  T m - tn  and RTFs in electronic 
charge units. Each value is a mean of 6 determinations  ±  SD.
pCa Specific charge qspe ±  SD
BSA F-actin T m - tn RTFs
8.7 -16.4±1.2 -24.O i l . 3 -25.24:2.6 -29.7T2.1
7.9 -17.1T1.7 -24.04:1.5 -25.4T1.3 -29.54:2.4
7.1 -16.34=0.4 -23.94:2.3 -26.94:0.9 -24.84:1.8
6.4 -15.74:1.2 -23.64:1.4 -26.3T0.9 -32.14:2.8
5.1 -16.94:1.3 -23.24:3.3 -25.24:1.3 -27.8i3 .9
3.9 -16.14:0.5 -23.74:3.5 -24.74:1.0 -24.14:2.4
3.2 -15.04:0.7 -18.34:1.9 -22 .2 i0 .8 -18.5i2 .3
electrode was immersed in the outer buffer. Calomel macroelectrodes K422 were used 
for BSA, whereas the microelectrode technique was used for the other proteins. The  
Donnan potentials recorded in the pCa buffers, protein concentration of the samples, 
te mpera tu re  and calculated values of the specific charge are given in tables C.l  - C.4 
in appendix C. The mean values of the specific charge obtained are given in table 5.5 
and plot ted in figure 5.9.
It would be useful to express the net charge of the proteins as the charge per mole­
cule or complex of molecules, i.e. as a molecular  charge qmoi- In the case of single 
component  preparat ions like E-actin or BSA the value of the molecular charge can 
be obtained from the specific charge and molecular weight of the protein. In the case 
of protein complexes like Tm - tn  and RTEs the molar  ratios of the components must  
also be known. The  molecular weights from table B.2 (for fast muscle) and the molar  
ratios from table 5.3 were used in order to convert the specific charge into a molecular 
charge. A molecule of t ropomyosin was taken to be an a,o:-tropomyosin dimer since 
the a  form is predominant in rabbit fast muscle (Smillie, 1982). The Tm-tn  complex 
for which the molecular charge was calculated consists of 1 tropomyosin,  1.9 TnT ,
1.1 Tnl ,  0.3 TnC and 2.0 actin molecules. In the case of RTFs, q-moi is used to repre­
sent the charge per 1 tropomyosin,  5.4 actin, 2.4 TnT ,  1.2 Tnl  and 0.5 TnC molecules. 
The  resulting values of the molecular  weight were 238.546 kDa for the Tm -tn  complex 
and 399.297 kDa for the RTFs. The mean values of the molecular charge at various
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Figure 5.9: The specific charge qspe of BSA, F-actin, Tm -tn  and RTFs as a function 
of pCa.  Each da ta  point is a mean of measurements for 6 samples and standard 
deviations are indicated.  Donnan potentials were measured with macroelectrodes for 
BSA and with microelectrodes for the other proteins.
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Table 5.6: The  molecular charge qmoi of BSA, F-actin,  T m - tn  and RTFs as a func­
tion of pCa in electronic charge units.  The  charge of T m - tn  and RTFs is expressed 
per protein complex containing 1 tropomyosin molecule with the molar  ratios of the 
proteins as given in table 5.3. Each value is a mean of 6 determinations ±  SD.
pCa Molecular charge qmoi ± SD
BSA F-actin Tm -tn RTFs
8.7 -10.94:0.8 -10.140.6 -60.246.1 -118.64 8.3
7.9 -11.44:1.1 -10.140.7 -60.543.1 -117.84 9.7
7.1 -10.84:0.3 -10.041.0 -64.142.1 -99.24 7.2
6.4 -10.44:0.8 -9.940.6 -62.842.1 -128.0411.2
5.1 -11.24:0.9 -9.841.4 -60.243.0 -110.9415.4
3.9 -10.740.3 -10.041.5 -58.942.4 -96.34 9.7
3.2 -9.940.5 -7.740.8 -52.941.8 -73.94 9.3
pCas are given in table 5.6 and presented graphically in figures 5.10 and 5.11.
A calculation was also made as to the  charge on RTFs were it to be a s imple sum 
of the charge on act in molecules and on the tropomyosin-troponin complex. Taking 
into account the molar ratios of proteins in Tm - tn  and RTFs given in table 5.3 the 
following approximations were made.  The charge of Tm -tn  was added to the charge 
of actin multipl ied by 3.4, since there were approximately two act in molecules in the 
T m - tn  complex. Differences in the troponin T,I  and C content of Tm -tn  and RTFs 
were neglected. The  error of the derived charge was calculated using equation 2.4. 
The two types of the molecular charge of RTFs are given in table 5.7 and plot ted in 
figure 5.12.
The ratio of the experimental  charge to tha t  calculated from the sequence is plot ted 
in figure 5.13. The  experimental ly determined molar  ratios of the proteins in Tm -tn  
and RTFs (given in table 5.3) were used to obtain the calculated values of the charge.
5.4 Discussion
Ca^ "*" sensitive electrodes proved to be of limited value for the determination of the 
free Ca^"^ concentrations. Accurate results were not expected at micromolar  [Ca^"^],
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Figure 5.10: The  molecular charge Çmoi in electronic charge units as a function of pCa 
for (a) F-actin,  (b) Tm -tn  and (c) RTFs.  The charge of Tm-tn  and RTFs is expressed 
per protein complex containing 1 tropomyosin molecule with the molar  ratios of the 
proteins as given in table 5.3. The da ta  points are mean values of measurements 
for 6 samples with bars representing standard deviations. Donnan potentials were 
measured with microelectrodes.
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Figure 5.11: The  molecular charge Çmoi in electronic charge units for BSA as a function 
of pCa.  The da ta  points are mean values of 6 determinations and the  bars represent 
s tandard  deviations. The Donnan potentials were measured with macroelectrodes.
Table 5.7: Comparison of the directly measured molecular charge q^oi of RTFs with 
a value derived from the measured values of the charge on F-act in and Tm-tn .  The 
derived charge was calculated as the sum of the charge on 1 T m - tn  complex and 
.3.4 molecules of act in to take into account the molar  ratios of the proteins in the 
preparat ions of T m - tn  and RTFs. Charges are expressed in electronic charge units.
pCa Molecular charge Qmoi ±  SD
Measured Derived
8.7 -118.6T 8.3 -94.5±6.4
7.9 -117.8± 9.7 -94.74=3.8
7.1 -99.2T 7.2 -98.24= 3.9
6.4 -T28.0T11.2 -96.5=b2.9
5.1 -110.9±15.4 -93.5=45.6
3.9 -96.3T 9.7 -92.84=5.5
3.2 -73.94= 9.3 -79.14=3.3
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Figure 5.12: Comparison of the directly measured molecular charge qmoi of RTFs with 
a value derived from the measured values of the charge on F-act in and Tm-tn .  The 
derived charge was calculated as the sum of the charge on 1 T m - tn  complex and 
3.4 molecules of actin to take into account the molar ratios of the proteins in the 
preparat ions of T m - tn  and RTFs. Charges are expressed in electronic charge units.
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Figure 0.13. Ratio ot the experimental charge to tha t  calculated from the sequences 
<7 tor BSA, F-actin, Tm-tn  and RTFs as a function ot pCa.  Specific charge
values were used to calculate the ratios. The sequence derived values of the specific 
charge were taken as -26.6e, -29.7e, -31.7e and -30.4e for BSA, F-actin,  T m - tn  and 
RTFs respectively. These values were obtained from table B.2 using the molar  ratios 
of proteins given in table 5.3. Each da ta  point represents a mean of values obtained 
from measurements tor 6 samples and s tandard deviations are indicated.
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however, it was found tha t  even at millimolar levels the results were not reproducible 
for the standards  used. Perhaps,  if s tandards containing a Ca-EGTA buffering system, 
for which the free Ca^+ concentrations had been determined independently,  were 
used, one would be able to verify experimental ly the calculated pCa  values with Ca^ "*" 
sensitive electrodes.
The pCa values for the  buffers used for Donnan potential  measurements calculated 
using the P e r r i n  program, agree very well with the values obtained from two values 
of the apparent  binding constants in the whole range of pCas ( table 5.2). Thus,  when 
certain free Ca^+ levels are referred to, one can be confident tha t  they agree with 
generally accepted values.
On the basis of the centrifuging study described in section 5.3.3 the Donnan potential 
measurements were performed in solutions based on a 10-fold dilution of buffer R. 
One could argue however that,  even though there  was no detectable protein in the 
supernatant  resulting from a full dissociation of T m - tn  from F-actin,  there could have 
been a part ial  dissociation, where T m -tn  was not in close contact with actin. This 
could be detected by carrying out actomyosin ATPase  assay in the presence of high 
and low levels of free Ca^"^.
The molecular charge for B SA  is constant,  within experimental error, in the whole 
range of pCas.  It is approximately - l i e  for pCas 8.7 to 3.9, with a small change to 
approximate ly -lOe for pCa 3.2 ( table 5.6, figure 5.11). This is consistent with a low 
affinity of albumins for Ca^+ and Mg^+ (see section 5.1).
The  molecular charge for F -a c tin  is constant , within experimental error, for pCas 
down to 3.9 (approximately -lOe). When  [Ca^+] is increased to pCa 3.2, the charge 
becomes -Be (table 5.6, figure 5.10), the difference being significant with p =  0.008. 
This could be due to binding of a single divalent cation, in this case Ca^+. Actin has 
one high affinity cation binding site and three or more intermediate and lower affinity 
cation binding sites (Sheterline and Sparrow, 1994). The high affinity binding site has
170
higher affinity for Ca '^*' (K =  5 x l0 ^  M ^) than  for Mg^ "*" (K — 1x10® M ^), whereas 
the other  sites do not show preference for Ca^+ or Mg^+ and also bind monovalent 
cations (Sheterline and Sparrow, 1994). Thus the experimental da ta  suggest tha t  
actin had the high affinity site occupied with a Mg^+ ion at all pCas and the change 
of 2e in charge occurring between pCas 3.9 and 3.2 could be interpreted as due to 
binding ot one Ca^"^ ion to one of the low affinity sites.
In the  case of the t r o p o m y o s i n - t r o p o n i n  complex,  a gradual change was observed 
towards less negative values from the charge of approximately -64e at pCas 7.1 to the 
charge of -53e at pCa 3.2 (table 5.6, figure 5.10). The difference between these values 
is highly significant with p =  2x 10“ ®.
The troponin complex contains six divalent cation binding sites; two high affinity 
Ca^+ sites which also bind Mg^+ (competit ively),  two Ca^+ specific lower affinity sites 
and two Mg^+ specific lower affinity sites (Potte r  and Gergely, 1975). The actual 
affinity constants for the above sites depend on the concentrat ion of free Ca^+ and 
Mg^+. In the absence of the association constant ,  K, for the  two high affinity
Ca^+ sites is 5x10® M “  ^ and for the lower affinity sites is 5x10® M “  ^ (Potter  and 
Gergely, 1975). In the presence of 2 mM MgCR the binding of Ca^+ to these four 
sites is with K =  5x  10® M “ \  this change in the affinity for Ca^+ of the Ca^+/Mg^+ 
site indicates tha t  the affinity of troponin for Mg^+ is around K =  5x10^ M ”  ^ (Potter  
and Gergely, 1975). Hence the Tm -tn  probably had four sites occupied with Mg^+ at 
pCas around 8.7 to 5, below this pCa a competit ion between Ca^+ and Mg^+ probably 
caused an exchange of Mg^+ to Ca^+ in the high affinity sites. This  would not have 
caused noticeable change of the charge of the protein. The observed changes in the 
charge could be due to the binding of two Ca '^*’ ions to the lower affinity sites on 
troponin C and binding of one Ca^+ ion to the actin (also present in the preparation).  
However, this would only account for a change of about  5e, which is smaller than the 
observed change.
Larger changes with pCas can be seen in the case of the r e c o n s t i t u t e d  t h i n  f ila­
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m e n t s  (table 5.6, figure 5.10). The molecular  charge at pCa 7.1 is significantly less 
negative than the charge at pCas 7.9 or 6.4 (p values less than  0.005). One would 
however have to measure the charge at pCa values close to pCa 7.1 to confirm that  
the obta ined charge results from a real effect and is not an artefact.  When [Ca^+] is 
increased from pCa 6.4 to pCa  3.2 a gradual change in the molecular  charge, from 
a charge of approximately -T28e at pCa 6.4 to a charge ot -74e at pCa  3.2, is ob­
served. The  40% difference in charge between pCa 6.4 and 3.2 is highly significant 
(p =  4 X 10“®). This change cannot be explained by Ca^+ binding to the same sites 
as for T m - tn  and F-actin in isolation, since this would only account for a change of 
about 17e. W hether  the da ta  p o in t at pCa 7.1 is included in the analysis or not, no 
ch a n g e  towards less negative values at  pCa around 6.8 observed in muscle fibres by 
Coomber and Elliott (1995, 1996), was seen in the ch a rg e  on the isolated RTFs.
Table 5.7 and figure 5.12 reveal that  the ch a rg e  measured on the RTFs is more neg­
ative, by approximate ly 20-30e, than the charge derived from the charge on F-actin 
and T m - tn  complex,  for pCas 8.7, 7.9 and 6.4. This cannot  be due to the slightly 
higher T n T  content in the RTFs than in the Tm -tn ,  since T n T  carries a positive 
charge at neutral  pH (see table B.2). At other pCas there is good agreement between 
the measured  and derived values of the charge. At these pCas the ch a rg e  of the RTFs 
is a s imple sum of the charges on its components.
It can be seen from figure 5.13 tha t  the measured charge on F-actin, Tm -tn  and BSA 
is equal to about  60-80% of the charge calculated from the sequence, i.e. the ch arge  
that  the protein would carry in the absence of bound counterions. For RTFs this 
ratio changes much more with pCa,  in the range of approximately 60-100%, with the 
max imum value at pCa 6.4.
The cooperat ive change in charge, found in muscle fibres (Coomber and Elliott, 1995, 
1996), was not observed in RTFs or their  components.  This is possibly due to dif­
ferences in the ionic strength,  molar ratios of the proteins, protein concentration and 
arrangement  between these svstems. Alternatively, the cooperative change observed
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in muscle fibres may not be a manifestat ion of the calcium regulation of muscular 
contraction,  since an effect of the same order of magni tude is observed for the Don­
nan potentials recorded from all the regions of the sarcomere. This,  together with the 
fact tha t  the potential difference is very reduced after an incubation of the fibres with 
1% Triton X-100, and tha t  the  effect disappears when the muscle is s tretched beyond 
overlap, suggests two possible explanations.  One is tha t  the source of the potential 
change is a protein spanning the whole length of the sarcomere i.e. titin. This expla­
nation for the effect has been suggested by S.J. Coomber (private communication). 
The second possibility is tha t  some membrane proteins involved in the transpor t  of 
calcium, that  were not entirely removed by the glycerination procedure,  gave rise to 
the observed effect by accumulat ing Ca^+ at its higher concentrations in some small 
membrane  compartments.  Stretching the muscle would cause these membranes to 
tear and consequently the calcium could not be accumulated.  The  trea tm ent with 
detergent  would also abolish the effect if it was due to the membrane proteins.
The charge of F-actin has been measured before, al though not under the same condi­
tions. In solutions which were a 5-fold dilution of buffer R, values o f - 6 ± 3 e  and -7±3e  
were obtained for F-actin gels with microelectrodes by Jennison (1992) and Deshayes 
(1994) respectively. One cannot  directly compare these results with the results in this 
thesis since there is uncertain ty  as to the levels of free Ca^+ in the R /5  buffer. One 
can assume that  the R /5  buffer, which did not contain EGTA, had a similar Ca^+ 
level to our s tandard  solutions, i.e. pCa approximately 5-6. The charge of F-actin 
obta ined in this thesis was slightly more negative, around -9.8±1.4e.  This could be 
caused by the dependence of F-actin charge on the history of the preparat ion (see 
section 1.6.2). The  value of charge given by .Jennison (1992) as -6 ± 3 e  was obtained 
mostly from undisturbed pellets (8 out  of the 9 samples used).
If the values of the charge on the RTFs at pCa 7.1 and 6.4 could be verified, then the 
observed change in charge between these pCas could have interesting implications. 
The  pCa value of 7.1 approximately corresponds to the free Ca^"^ concentration in
173
resting muscle. It is interesting to note th a t  the charge on RTFs is a simple sum of 
the charge on actin and T m -tn  at this pCa. If an increase in [Ca^+] causes the  charge 
on the  thin filament to become more negative, it could provide the mechanism for the 
conformational changes accompanying calcium activation. An increase in the  net neg­
ative charge on the thin filament would cause a strong repulsive interaction within it 
and could facilitate the movement of the T m -tn  complex away from F-actin, enabling 
the binding of the myosin subfragment-1 to F-actin. This would mean, however, tha t 
the binding of two Ca^+ ions to the Ca^+-specific low affinity sites on troponin C 
makes the charge on the th in  filaments more negative. A similar phenomenon of 
‘charge reversal and am plification’ has been observed for myosin (Elliott et ah, 1985; 
Bartels and Elliott, 1985; Bartels et at., 1993).
5.5 Conclusions
A significant change in the charge of the RTFs, F-actin and T m -tn  c o m p le x  has been 
observed to occur with changes in [Ca '^*’]. The charge on these proteins becomes 
less negative as [Ca^"^] is increased from pCa 6.5 to 3 (approxim ately), the change 
is more striking for RTFs and T m -tn  than  for actin alone, for which the charge 
only changes between pC a 4 and 3. This effect might well be enhanced and become 
cooperative, in the  conditions of high protein concentration and high ionic strength, 
tha t perta in  in intact muscle. The Donnan potential m ethod applied to isolated 
proteins, however, does not allow us to approach these conditions. Also differences 
in protein stoichiometry of in tact m u sc le  and our preparations, particularly the  lower 
troponin C content in the la tter ,  could explain the gradual and uncooperative nature 
of the observed changes in charge.
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C h a p t e r  6
C o n c l u s i o n s  a n d  f u t u r e  s t u d i e s
6.1 Conclusions
6.1 .1  Effect o f  m éth y la t io n  on th e  charge o f  H M M
The ATPase activity of the  m ethylated  HMM is elevated in the  presence of Ca^+ 
and d ecrea sed  in the presence of EDTA with resp ec t to the  activity  of the native 
p r o te in . Both the increase and decrease are approxim ately 4-fold and the differences 
are highly significant (p < 0.001). A similar effect was reported by Phan  et al. (1994) 
for the  m ethylated  SI. The observed reversal of activities upon méthylation suggests 
modifications in the vicinity of the SHI sulphydryl group of Cys^°' (Margossian and 
Lowey, 1982). This is in agreement with the  increased reactivity  of the SHI groups 
towards thiol reagents and faster dissociation ra te  of eADP th a t  were observed for SI 
upon méthylation (Phan et al., 1994).
Our Don nan potential measurements do not reveal a statistically significant difference 
between the values of the net electric charge of the  HMM and m ethylated  HMM at 
pH 6.7, at which the m ethylated  Si was crystallized. The values of the net charge  
for both proteins could be divided into two groups, depending on whether they were 
obtained from the first or second Dorman potential measurem ent on a sample. The 
values obtained from the second measurem ent were significantly more negative. This 
suggested th a t  there were changes in the experimental system occurring with time.
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These changes were subsequently determined to be associated with the  KCl leakage 
out of the electrodes. The obtained values of charge have an experim ental error of 
about 20%. Hence, on the basis of the Donnan potential measurements, a less than 
20% difference in charge between HMM and m ethylated HMM at pH 6.7, cannot be 
excluded.
The calculations of the theoretical charge of lysine and N^-dimethyllysine as a function 
of pH indicate th a t  the m ethylated residue would have a lower positive charge at pH 
values approxim ately  8-12. Typical shifts in pK^ observed for lysine upon méthylation 
in o ther proteins (Bradbury and Brown, 1973; Jentoft et al., 1979: Gerken et al., 1982), 
would cause a change of only 0.02e in the net charge on the Si molecule and a ch a n g e  
of 0 .07e in the  charge on the HMM molecule at pH 6.7. Even if all the  lysine residues 
in the  SI and HMM molecules had their pK^ values shifted by as much as it was 
observed for Lys'^  ^ in the active site of ribonuclease A (pK^ 9.0, Jen toft et al., 1979), 
the net negative charge on the  SI and HMM at pH 6.7 would be increased by only
0.5e and 1.6 e respectively. A 5% change in the  charge on a lysine residue at this pH 
would require the  pKa valu e to be as low as 8.0. Values lower than  9.0 , however, 
have not been observed in proteins. The calculations suggest th a t  the  charge on the 
m ethylated  SI and HMM is more negative than  the charge on the native proteins by 
only a fraction of an electronic charge at pH 6.7. This finding is in agreement with 
the results of the Donnan potential measurements.
The following conclusions can be drawn from the analysis of the crystal s tructure  of 
m ethylated  SI. There are several places of p o te n t ia l flexibility within the molecule. 
Additional methyl groups present on the N^-dimethyllysine residues may in crea se  the 
packing density of the protein. This would result in a more rigid s truc tu re  which may 
explain its ease of crystallization. The changes in the vicinity of the SHI group, tha t 
were associated with a more open conformation of this region by Phan  et al. (1994), 
may be due to the additional methyl groups on Lys""^ forcing it further apart from 
three negatively charged glutamic acid residues on a neighbouring loop.
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6.1.2 Effect o f  on th in  filam ent charge
A significant change in the  net charge of the reconstituted thin filaments (RTFs), 
tropomyosin-troponin complex (Tm -tn) and F-actin has been observed with changes 
in the free Ca^+ concentration [Ca^+] at ionic strength  0.02 M and pH 7.0. The charge 
on these proteins becomes less negative as [Ca^+] increases, with some differences 
between the  proteins relating to the extent of the changes in charge and to the  range 
of pCas over which these changes occur. The net charge of BSA is constant, within 
experimental error, in the whole range of pCas (3.2-8.7).
The charge of F-actin is constant within experimental error, for pCas from 8.7 down 
to 3.9. W hen [Ca^+] is increased to pCa 3.2, the charge becomes less negative by 
approxim ately 2e, the change is significant with p =  0.008. This can be in terpreted  
as resulting from binding of one Ca^+ ion to one of the  low affinity sites of actin. The 
charge of T m -tn  and RTFs changes gradually between pCa 6.4 and 3.2. The change 
of charge in this range is approxim ately lOe for T m -tn  and 54e for the  RTFs (where 
the charges are expressed per protein complex containing 1 tropomyosin molecule). 
The changes are significant with p less than  0.00001. In the  case of T m -tn , the  16% 
change in charge is larger than  could be expected to result from binding of two Ca^+ 
ions to the lower affinity sites on troponin C and binding of one Ca^'^ ion to actin, 
which was also present in the preparation. The 40% change in charge of the  RTFs 
cannot be explained by Ca^^ binding to the same sites as for Tm -tn  and F-actin in 
isolation, since this would only account for a change of about 17e. Flliott et al. (1985) 
have suggested th a t  a 'charge amplification’ effect occurs in native and synthetic thick 
filaments, perhaps a similar phenomenon is being observed here in reconstitu ted  thin 
filaments.
The highly cooperative change in charge found in glycerinated muscle fibres at pCa 
approxim ately 6.0 (Coomber and Flliott, 1995, 1996), was not observed for the RTFs, 
Tm -tn  or F-actin. However, this is possibly due to differences in the ionic strength, 
protein concentration and arrangem ent between muscle and protein solution. Also
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the differences in protein stoichiometry of intact muscle and our preparations, the 
lower troponin C content in the  la tte r  in particular, could be responsible for the lack 
of cooperativity in the  observed changes in charge. The gradual change observed for 
the RTFs and Tm -tn  may be enhanced and become cooperative in the s tructura l and 
environmental conditions th a t  pertain in muscle.
6 .1 .3  E lectrod e tech n iq u es  for protein  so lu tions
The microelectrode technique has been found superior to the macroelectrode technique 
when applied to low viscosity protein solutions of BSA, viscous protein solutions of 
T m -tn  and dilute gels of F-actin and RTFs.
Microelectrodes with tip d iam eter approxim ately 5-20 /.im and resistance less than 
1 MÜ,  which are obtained from sharp electrodes by removing the tips with forceps, 
give reproducible results, provided their tip does not become clogged with the protein. 
Blockage can be recognized by an increase in the resistance and erratic potential read­
ings. Such an electrode can be m ade functional again by renewing the liquid junction, 
which can be achieved by tightening the electrode holder a very small fraction of a 
turn . This slightly increases pressure of the filling solution and pushes out the protein 
obstructing the tip. The main advantage of the microelectrode technique compared 
to th e  macroelectrode technique, is the small size of the  electrode in relation to the 
sample and small KCl leakage rate. The leakage rate out of microelectrodes with tip 
d iam eter up to 25 ^m  was found to be approxim ately an order of m agnitude lower 
than the leakage rate out of the  three types of macroelectrodes used. Hence a micro­
electrode does not affect the sample as much as a macroelectrode does. The immersion 
of the  microelectrode into the  sample does not cause leakage of KCl tha t would lead 
to drifts in potentials. The transfer of the tip between the sample and outer buffer 
causes negligible sample dilution. The measurements can thus be repeated several 
times to achieve greater accuracy and the protein concentration can be determined 
afterwards.
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The KCl leakage out of macroelectrodes can lead to large uncertainties both  in the ref­
erence potential and the  potential recorded with the electrode in the  protein solution. 
This can give rise to large experimental error of the resulting Donnan potentials.
When one of the macroelectrodes was placed in a com partm ent with a semi-permeable 
m em brane containing the same solution as was outside the com partm ent,  and the 
reference electrode was placed in the  outer buffer, negative potentials were usually 
observed in respect to the potential recorded when both electrodes were in the outer 
buffer. T he  m agnitude and tim e course of these potentials depended on the KCl 
leakage ra te  out of the  electrodes and on the membrane area of the com partment. 
Experim ents in which these were varied suggest tha t there is a KCl accumulation 
inside the com partm ent to a concentration, at which the diffusion ra te  through the 
m em brane is equal to the outflow ra te  through the  porous pin of the  electrode. The 
observed potentials were up to about 2 mV in solutions of 10-20 mM ionic strength,
i.e. could be of the same order as the  Donnan potentials. Only for the  electrodes 
with the smallest leakage rate (approxim ately 1 nmohs~^) and com partm ents  entirely 
made of dialysis tubing, were these potentials less than  0.5 mV.
When the reference electrode was in the outer buffer and the measuring electrode was 
placed in a protein solution, the tim e course of the observed potentials depended on 
the sam e factors as when there was buffer in the  sample com partm ent,  and also on 
the sam ple viscosity. Under most conditions, drifts in the potentials were observed. 
The experiments suggest tha t the KCl leakage rate  decreases when the  protein absorbs 
onto the electrode surface and porous pin, and this results in registering more positive 
potentials. This effect was most prom inent for viscous samples of F-actin and RTFs for 
which the initial potentials were close to zero or even positive for periods of minutes. 
It is not clear whether the subsequent slow-rate changes in the  potentials for these 
samples were due to slow response tim e of the electrodes in such a m edium  or the 
leakage and accumulation of KCl. The potentials for these samples changed so slowly 
tha t the  initial potentials could have been interpreted as equilibrium potentials leading
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to reduced, or even positive, values of the net charge on negatively charged proteins, 
as comparison with the  results obtained with microelectrodes revealed.
Since the experiments suggest th a t  there is an accumulation of KCl which causes ad­
ditional potentials, placing the reference electrode inside a small com partm ent where 
the accumulation can occur is generally not beneficial. The potentials s tem m ing from 
the KCl leakage will not cancel since it is most likely th a t  the leakage ra te  will be 
different in the buffer and protein. In fact, placing the reference electrode inside a 
com partm ent will just obscure these potentials. Relatively small errors in the Donnan 
potential values were obtained when the set-up with two dialysis sacks was applied 
to BSA in solutions of various pH. The value of the pi obtained from these m easure­
ments was in good agreement with literature values. This is probably because the 
leakage ra te  may not be substantially different for the buffer and BSA solution and 
also because the buffer in the re feren ce  c o m p a r tm e n t was ch a n g ed  at the  same time 
as the  protein solution was applied in the other com partm ent.
The g en era l conclusion on the macroelectrode technique is tha t it can be applied 
to protein solutions of low viscosity but precautions have to be taken in order to 
minimize the  effects of KCl leakage. The use of electrodes with KCl leakage rates not 
greater than  1 nm ohs”  ^ in a set-up with one sample com partm ent m ade of dialysis 
tubing, would minimize the errors in the resulting Donnan potentials. O btaining a 
tim e course of the potentials is crucial in order to detect changes o ccu rr in g  over time 
which result from the leakage and accumulation of KCl.
The Donnan potential measurements for isolated proteins usually have to be con­
ducted at protein concentrations lower than in muscle. As a result experimental 
solutions of ionic strength  lower than physiological have to be used in order to obtain 
measurable Donnan potentials. Both the protein concentration and the media are 
thus far from the physiological conditions in living muscle. This is the main limi­
ta tion of the  technique for protein solutions compared to the  technique applied to 
muscle fibres. The measurements in protein solutions have the advantage, however.
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th a t  one can study the charge of individual proteins or their combinations.
6 .1 .4  Sum m ary  o f  th e  m ain  observations
1. The Donnan potential m easurem ents and theoretical charge calculations do not 
suggest a significant difference between the net charge of HMM and m ethylated  
HMM at pH 6.7. Neither do the  charge calculations indicate a possibility of 
a local change in the charge of some lysine residues at this pH. The ATPase 
activity  of m ethylated  HMM is consistent with changes in the vicinity of the 
SHI group.
2. A significant ch a n g e  in charge of RTFs, T m -tn  and F-actin has been observed 
with [Ca^'^J between pCa 6.5 and 3 (approximately), at ionic strength 0.02 M 
and pH 7.0. The change is more prominent for RTFs and T m -tn  than  in the 
case of F-actin, for which the  change in charge occurs only between pCas 4 and 
3. No significant change in charge was observed for BSA in the whole range of 
pCas (3-9 approximately).
3. The macroelectrode technique is generally not suited for samples of high vis­
cosity. In the case of low viscosity samples, KCl leakage from macroelectrodes 
can lead to large errors in the Donnan potentials. These can be minimized if 
electrodes with leakage rates of 1 nmol-s“  ^ or less are used in a set-up with one 
sam ple com partm ent entirely m ade of dialysis tubing. The analysis of the time 
course of the potentials is crucial for the detection of the effects caused by KCl 
leakage and accumulation.
4. Reproducible Donnan potentials can be obtained with microelectrodes of resis­
tance less than 1 MR and tip size approximately 5-20 i im for protein solutions 
of low and high viscosity. The electrodes tend to get c lo g g ed  up with protein 
which results in an increase in resistance and erratic potentials, but this problem 
can be overcome by renewing the liquid junction of the electrode by tightening 
its holder.
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5. The main limitation of the Donnan potential m ethod for isolated proteins is 
th a t  the protein concentrations are usually lower than  in muscle, and the ionic 
s trength  of the experiments has to be lowered below physiological conditions to 
achieve measurable Donnan potentials. The main advantage of this method is 
th a t  it enables measuring the charge of individual proteins or their combinations, 
which may shed light on the role of the individual proteins.
6.2 Suggestions for future studies
Several lines of further study emerge from the research of this thesis:
1. It is possible th a t  the gradual and uncooperative change in charge observed for 
the RTFs with [Ca^"^], could be a result of a partia l dissociation of the T m -tn  
from F-actin at the ionic s trength  of the experiment (0.02 M). The ultracen­
trifuging studies did not reveal detectable dissociation, but the proteins may 
not have been in such close contact as under more physiological conditions. 
This could be tested by carrying out an actomyosin ATPase assay at high and 
low levels of free Ca^"^. This assay would reveal whether T m -tn  confers the 
Ca^"^ sensitivity on actomyosin. In the case of finding tha t the  ionic strength of 
0.02 M was weakening or abolishing the regulatory effect of T m -tn , this assay 
could be used to determ ine the sufficient ionic strength  for repeating the Donnan 
potential measurements.
2. An a t te m p t  could be made to obtain the T m -tn  and RTFs in a pure form, with 
the  stoichiometry of the components as found in in tact muscle. It would also be 
interesting to obtain the tropomyosin, troponin C, troponin I and troponin T 
in separation and measure the charge on these proteins at various [Ca^"^] levels.
3. It would be also interesting to measure the net electric charge of nebulin and the 
thin  filament containing actin, T m -tn  and nebulin at various levels of [Ca^'^].
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4. The measurements of the net charge on the regulatory light chains of scallop 
myosin could shed light on the  mechanism of the Ca^+ regulation in molluscan 
muscle and the mechanism of the  regulation in general.
5. W ith  the  knowledge of the  lim itations of the macroelectrode technique and the 
microelectrode technique giving accurate results for protein solutions, one could 
proceed to determine the  charge on the  subfragm ent-1 of myosin in the presence 
of nucleotides and their analogues th a t  mimic transient intermediates of ATP 
hydrolysis. These could include: ATP, ADP, PPj, V,, ADP-V,-, A M P -P N P  and 
AMP.
6. An extension of the study of the  theoretical charge on muscle proteins calculated 
from their  sequence could be carried out. This would involve the  analysis of the 
distribution of the charged groups in muscle proteins of known three-dimensional 
s tructure . A study based on th e  methodology used by Barlow and Thornton 
(1986) could provide inform ation on the local surface charge density, polarity 
and dipole moments. Their s tudy  showed tha t in the m ajority  of proteins tha t 
in teract with a charged ligand, the  charge distributions are relatively asymmetric 
and the  orientation of the  dipoles acts to aid the ligand binding. A similar s tudy 
for muscle proteins could provide insight into the functioning of the Si ATPase. 
The location of the specific charged groups could also provide information on 
the interactions between muscle proteins involving closer contact.
183
A p p e n d i x  A
S t a b i l i t y  c o n s t a n t s
The ionic composition of the experimental solutions was determ ined using the P e r r i n  
program (A bbott,  1976). Input files for this program were formed for each particular 
solution using stability  constants available in literature. The stability constants are
defined as log.gK, where K is an association constant in M - 1
There are often large discrepancies between the published da ta  referring to the  for­
mation of the same complexes as can be seen in compilations of Sillen and Martell 
(1971), Hogfeldt (1982) and Perrin (1979) listing the stability  constants and the  ex­
perimental conditions under which they were determined. It is difficult to decide 
which values are more accurate and reliable than  others listed in those tables without 
referring to the original publications, which can be very abundan t for some of the com­
plexes. This problem has been addressed in compilations listing the so-called critical 
stability constants (Martell and Smith, 1974, 1977, 1982; Smith and Martell, 1975, 
1976, 1989). These tables contain values of s tability constants selected from literature 
by the  compiling research team  employing rigorous selection criteria. For the above 
mentioned compilations of critical stability constants the  selection criteria included 
omitting da ta  obtained with a ligand of unspecified purity  an d /o r  under experimental 
conditions where the tem pera tu re  or ionic s trength were not accurately controlled, 
or even specified at all (Martell and Motekaitis, 1992). It was decided to use critical 
stability constants whenever possible. Values chosen had been determined at tem-
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peratiire and ionic strength as close as possible to 25°C and 0.1 M respectively. The 
values of the  constants used for the determ ination of the composition of our solutions 
are given in tab le  A .l below.
R eferen ces  for tab le  A . l
a. Smith and Martell (1989)
b. Sillen and Martell (1971)
c. Sigel et al. (1982)
d. Smith and Martell (1976)
e. Martell and Smith (1982)
/. A bbott (1976)
g. Martell and Sm ith (1974)
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Table A .l: Stability constants for the formation of the complexes for ligands and 
metals present in the experimental solutions. Stability constants are expressed as 
logigK, where K is an association constant in M “ b
Ligand L Metal/H"^ Equilibrium lo g io K Reference
Acetate H+ H L j H  • L T56 a
G2/73O2 K+ M L j M  • L -0.41 a
Azide A'T H+ A I / E f  . A T64 b
Bistris H+ H L j H  - L 6.56 a
CgHigO^N A'a+ Ad L j  A'l ■ L - 0.8 a
A'+ M L / M  • L -0.9 c
Chloride Va+ M L / M  • L -0.4 a
c i - K+ M L / M  • L -0.7 d
M L / M  • L T 08 e
M g ‘+ M A / M  . A 0.2 a
Citrate H+ H L j H  • A 5.70 a
C e H .O i - T35 a
- ^ 2 ! 290 a
A'a+ M A / A /  . A 0.71 a
E G T A H L j H  ■ A 240 a
C\4H2qO\q1^ 2 Af2A / / f  . y /A 8T8 a
F / a l / / / /  - ^ 2A 266 e
/ / 4 A / L /  - A/3A 2.0 e
H s L / H  ■ H M 0.9 a
A'a+ M A / M  . A T38 b
K+ M A / A /  . A 296 f
A / A / A /  . A 1286 9
M H L / M L  • H 279 9
Mg^+ M A / M  . A 5.28 9
M H L / M L  • H 262 9
Phosphate H+ H L / H  ■ A 11.79 a
275 a
A / 3 A / / /  . / / j Z 1.9 a
A'u+ A / A / M  . A 282 a
M H L / M  ■ ML 24 9 a
M A f g A / A /  . AfgA 0.2 a
K+ A / A / M  . A 254 a
M H L / M  • H L 2 35 a
A / A / 2 A / A /  . A/2A 0.2 a
A A A /A / . A 246 d
M H L / M  • H L 266 a
M H 2 L/AI ■ HiL 1.41 a
M g ‘+ M A / M  . A 3.4 d
M H L / M  • H L T86 a
A /A fjA /A A  . A/2A T66 a
Tris H + H L / H  • A 8.11 a
A’a+ M L / M  ■ A -272 a
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A p p e n d i x  B
S e q u e n c e  d e r i v e d  p r o p e r t i e s  o f  
m u s c l e  p r o t e i n s  a n d  B S A
This appendix contains values of param eters  characterizing physical properties of 
muscle proteins and BSA, derived from their amino acid sequences. Sequences were 
analysed for all the main proteins found in rabbit muscle th a t  were available in the 
protein sequence database OWL (Bleasby and Wootton, 1990) or in literature. When 
the rabbit sequence had not been determined, but a sequence for another species 
could be obtained, th a t  sequence was used (human C-protein, titin  and nebulin). 
The sequence of the chicken myosin subfragm ent-1 was also analysed. The protein 
sequences used are listed in table B .l together with the source from which they were 
obtained.
Table B.2 lists the values of the following param eters: num ber of amino acid residues 
Aka, molecular weight MW, molecular charge qmoi at pH 7.0, specific charge qs-pe at 
pH 7.0 and isoelectric point pi. The molecular weight was calculated using the program 
P e p t  I DESORT contained in the GCG package (Devereux et ai ,  1984). The molecular 
charge was calculated as described in section 2.6. The specific charge, which is a useful 
param eter characterizing the density of electric charge on proteins, was obtained by 
dividing the  molecular charge by the molecular weight. The isoelectric point was 
determined from the  pH dependence of the molecular charge.
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Table B .l: Protein sequence database OWL (Bleasby and Wootton, 1990) codes (in 
capitals) or li terature references for the analysed protein sequences. R ,  H , C and 
B denote rabbit, human, chicken and bovine proteins respectively. ‘F as t’ and ‘slow’ 
denote isoforms from fast and slow skeletal muscle respectively, other isoforms are 
also indicated. Two numbers separated with an arrow symbolize the  beginning and 
end of a fragment of the cited sequence.
Protein Species Isoform OWL CODE /  literature
ELCl R fast M L E l.R A B IT
C fast M L E IX H IC K
ELC3 R fast M LE3_RABIT
C fast iVILE3_CHlCK
RLC R fast, 1 M L R T .R A B IT
fast, 2 M L R S.R A B IT
C fast M L R S X H IC K
SI R skeletal
Tong and Elzinga (1990) 1—-204“
A35357»
Tong and Elzinga (1990) 647—809‘’
C fast M Y S S X H IC K  l - . 8 4 3 ‘^
myosin rod R skeletal MYSS_RABIT
S2 R skeletal MYSS_RABIT 1-^428
LMM R skeletal MYSSTLABIT 429-^1084
actin R skeletal, q ACTS_HUMAN
tropomyosin R skeletal, a T P M A J IA B IT
skeletal, (3 TPM B _R A B IT
troponin C R fast T P C S -R A B IT
slow T P C C .R A B IT
troponin I R fast TRIE_RA BIT
slow T R IS-R A B IT
troponin T R fast, 2 T R T B .R A B IT
C protein H fast S36845
slow CPSS.H U M A N
titin H cardiac 138344
nebulin H skeletal S55024
KMLC R skeletal KMLCTRABIT
BSA B - ALBU_BOVIN 2 5 - 6 0 7
‘^ 23 k D a  f r a g m e n t  o f  my os in  S I .  
*50 k D a  f r ag m en t  o f  myo s in  S I .  
^20 k D a  f r a g m e n t  o f  myos in  S I .
‘^ Residues  1— 204, 205 — 646,  6 47 — 843 for t h e  23,  50 a n d  20 k D a  f r a g m e n t s  re spec t i ve ly .
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Table B.2; N um ber of amino acid residues Naa, values of the molecular weight MW, 
molecular charge Qmoi at pH 7.0, specific charge qspe at pH 7.0 and isoelectric point 
pi of muscle proteins and BSA as calculated from their amino acid sequences (listed 
in table B .l) .  R ,  H , C , B denote rabbit, hum an, chicken and bovine proteins respec­
tively, protein isoforms are also indicated. M W  is expressed in kDa, qmoi and are 
expressed in the units of electronic charge per molecule and per 10  ^ Da respectively.
Protein Species Isoform N a a MW 9 m o l Çspe pi
ELCl R fast 191 20.817 -7.9 -37.7 4.7
C fast 190 22696 -7.9 -329 4.7
ELC3 R fast 149 12527 -10.9 -627 4.3
C fast 149 12579 -129 -77.5 4.2
RLC
R fast, 1 169 18.897 -2 0 -424 4.5
fast, 2 169 18.895 -2 0 -424 4.5
C fast 166 12637 -9.0 -48.3 4.5
SI (23 kDa) R skeletal 204 22.898 1.2 5.4 8.4
C fast 204 22.916 0.3 1.4 7.4
Si (50 kDa) R skeletal 442 49.945 -5.4 -128 5.8
C fast 442 49.906 -2 3 -126 5.8
SI (20 kDa) R skeletal 163 18.765 10.3 5 20 10.1
C fast 197 23.234 16.4 70.4 10.5
SI
heavy chain
R skeletal 809 9T571 6.2 6.7 8.2
C fast 843 92020 10.4 10.9 8.6
SD R t 1155 129.854 -10.7 -2 2 6.0
C fast 1179 133.295 -2 9 -6.7 6.2
S2 R skeletal 856 98.690 -621 -629 4.6
LMM R skeletal 1312 152.321 -420 -322 5.2
myosin rod R skeletal 2168 250.975 -112.0 -426 4.9
HMM* R t 3166 358.362 -84.4 -226 5.1
myosin* R t 4478 510.647 -133.4 -26T 5.2
actin R skeletal, q 377 42.051 -12.5 -227 5.0
tropomyosin R skeletal, a. 284 32.680 -228 -82.0 4.4
skeletal, j3 284 32.836 -220 -821 4.4
troponin C R fast 159 1K965 -229 -16T0 3.8
slow 161 12402 -29T -158.1 3.7
troponin I R fast 181 21.083 4.2 20.0 9.2
slow 184 21.143 14.2 622 10.4
troponin T R fast, 2 260 30.618 3.6 11.9 9.4
C protein H fast 1142 122142 1.3 1.0 7.3
slow 1138 127T89 -23.5 -18.4 5.3
titin H cardiac 26926 3364.110 -131.7 -3.9 6.3
nebulin H skeletal 6669 773.208 1827 24.1 9.4
KMLC R skeletal 607 65.336 -20.6 -31.5 4.9
BSA B - 583 66.409 -17.7 -26.6 5.4
■k T h e  r a t i o  o f  E L C l  t o  EL C 3  in 81 was  t ake n  as  2:1 for r a b b i t  an d  1:1 for chicken ( W a gn e r ,  
1982).
t  81 ,  H M M  a n d  myos in  consi st  o f  t he  skel e t a l  heav y  cha in  a n d  l ight  chains  f r om fast  t y p e  
muscle .
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A p p e n d i x  C
D o n n a n  p o t e n t i a l s
This appendix contains tables with the values of Donnan potential protein concen­
tration c„ tem perature T  and specific charge for F-actin, tropomyosin-troponin 
complex (Tm -tn), reconstituted thin filaments (RTFs) and bovine serum albumin
(BSA) in solutions of various pCa. The measurements were performed as described 
in chapter 5.
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Table C.l: Donnan potential AT, protein concentration Cp, temperature T  and specific
charge qspe (in electronic charge units per 10  ^ Da) for F-actin in solutions of various
pCa. The number of Donnan potential measurements was n.
pCa U d  i  SD (mV) Cp (m g/m l) T ( X ) Qspe n
-0.95±0.04 6.5 19.5 -21.9 14
-1.08±0.07 6.4 20.4 -25.1 11
8.7 -1.09±0.02 6.7 20.9 -24.3 10
-I .1 9 i0 .0 6 7.7 21.1 -23.3 10
-1..34±0.04 7.8 2T4 -25.6 14
-1.24±0.05 7.7 21.5 -23.9 14
-1..32±0.06 7.8 20.3 -25.3 12
-l.T2±0.05 7.4 20.3 -22.5 13
7.9 -1.10±0.05 7.2 20.6 -22.8 15
-1.20±0.10 6.8 20.7 -26.3 15
-1.094=0.03 7.1 21.0 -22.9 11
-1.14±0.05 7.1 21.1 -23.9 11
-I .1 7 i0 .0 4 6.3 18.4 -27.9 13
-1.10i0 .07 6.5 19.0 -25.0 12
7.1 -1 .03i0 .07 7.0 19.5 -2T8 11
-1.01i0.07 6.6 19.8 -227 13
-1.05i0 .09 7.0 20.1 -22T 17
-1.08i0.08 6.7 224 -227 15
-1.09i0 .05 7.0 228 -22.8 11
-1.09i0 .06 7.1 228 -22.5 11
6.4 -1 .15i0 .08 6.6 227 -223 13
-I .1 0 i0 .0 5 7.2 228 -223 10
-1.15i0 .04 6.7 229 -25.4 12
- l . l l i 0 . 0 4 7.0 20.9 -23T 14
-1 .04i0 .06 5.2 128 -29.4 8
-0.96i0 .13 6.5 123 -2T6 10
5.1 -1 .07i0 .06 6.4 19.0 -24.5 13
-1.03i0.06 7.2 128 -21.1 16
-1.10i0.05 7.8 20.1 -226 10
-1.18i0.05 7.7 225 -223 13
-0.85i0.12 5.1 19.0 -24.5 19
-0.99i0.10 5.2 19.7 -27.7 17
3.9 -0.97i0.04 5.3 129 -228 12
-0 .8 9 i0 .12 6.9 220 -128 18
-1.45i0.08 8.9 123 -228 13
-1.38i0 .08 9.8 125 -226 11
-0.72i0.03 6.1 21.0 -129 12
-0.72i0.03 5.9 21.0 -17.4 11
3.2 -0.73i0.05 6.2 21.0 -128 11
-0.84i0.04 6.4 21.0 -18.7 11
-0.97i0.05 6.3 229 -2T8 12
-0 .8 4 i0 .10 6.5 21.0 -125 9
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Table C.2: Donnan potential Udi protein concentration Cp, tem perature T and specific
charge qspe (in electronic charge units per 10  ^ Da) for Tm -tn in solutions of various
pCa. The number of Donnan potential measurements was n.
pCa AT i  SD (mV) Cp (m g/m l) T  ( X ) Çspe n
-1.564=0.06 9.1 19.6 -25.8 11
-1.084=0.07 7.5 18.8 -21.7 13
8.7 -1.394=0.06 9.1 19.0 -22.9 12
-1.544=0.04 9.2 19.2 -25.1 10
-1.624=0.05 8.9 19.3 -27.4 10
-1.72=40.04 9.1 19.4 -28.5 11
-1.404=0.04 8.9 20.8 -23.3 10
-1.47=40.04 8.8 20.5 -24.9 10
7.9 -1.47=40.02 8.7 20.3 -25.1 9
-1.54=40.05 9.0 20.1 -25.6 11
-1.59=40.04 8.7 19.9 -27.4 12
-1.514=0.04 8.7 19.8 -25.9 11
-1.83=40.06 10.1 18.5 -27.0 11
-1.76=40.10 10.2 18.0 -25.9 11
7.1 -1.814=0.03 9.9 17.9 -2A4 10
-1.76=40.04 10.1 18.0 -26.2 10
-1.74=40.04 9.1 18.5 -28.3 11
-1.79=40.07 10.1 18.8 -26.5 13
-1.62=40.02 8.6 18.7 -2T8 9
-1.814=0.02 9.9 18.4 -2A0 10
6.4 -1.66=40.17 9.7 18.4 -25.4 15
-1.704=0.08 9.6 18.5 -2 2 2 11
-1.734=0.06 9.9 129 -25.7 12
-1.794=0.03 10.1 19.0 -25.9 11
-1.784=0.05 10.0 2 2 9 -25.9 10
-1.674=0.04 10.5 20.5 -23.3 11
5.1 -1.724=0.05 9.9 2 2 2 -25.3 12
-1.81=40.04 9.8 20.1 -2T0 11
-1.61=40.02 9.3 20.0 -224 9
-1.694=0.15 10.1 2 2 0 -24.5 14
-1.864=0.02 10.8 123 -25.0 12
-1.82=40.04 10.9 19.4 -24.3 10
3.9 -1.79=40.04 11.1 19.7 -2 2 4 11
-1.83=40.03 11.2 19.9 -23.9 10
-1.81=40.04 10.1 2 2 2 -2 2 9 10
-1.914=0.01 128 2 2 3 -25.7 10
-1.63=40.04 10.7 21.1 -2T6 10
-1.64=40.03 10.7 21.0 -2T8 11
3.2 -1.604=0.04 128 21.0 -2T2 12
-1.70=40.06 10.7 21.1 -2T6 11
-1.61=40.02 10.1 21.4 -22.7 11
-1.744=0.03 10.7 2T5 -2 2 2 11
192
Table C.3: Donnan potential Up, protein concentration Cp, temperature T and specific
charge qspt (in electronic charge units per 10  ^ Da) for RTFs in solutions of various
pCa. The number of Donnan potential measurements was n.
pCa U d  ± SD (mV) Cp (m g/m l) T  ( X ) Çspe n
-I .2 9 i0 .0 7 6.4 220 -30.0 9
-1 .33 i0 .02 6.5 226 -30.6 11
8.7 -1 .22 i0 .04 6.9 20.9 -26.5 11
-1 .26i0 .02 6.6 21.0 -28.5 11
-1 .26i0 .05 6.3 21.2 -29.9 12
-1 .39i0 .04 6.4 21.2 -32.7 14
-0 .89i0 .04 5.2 20.6 -25.9 11
-0 .98i0 .04 5.1 227 -28.7 13
7.9 -0 .93i0 .05 4.9 226 -28.3 13
-0 .94i0 .03 4.5 20.8 -31.0 10
-0 .91i0 .04 4.5 20.9 -30.3 13
-1.71i0 .08 7.8 20.1 -32.9 15
-1 .16i0 .06 6.4 19.4 -26.7 13
-0 .95i0 .05 6.2 19.7 -22.8 12
7.1 -0 .96i0 .04 6.0 20T -24.0 11
-0 .98i0 .04 5.7 20.2 -25.6 11
-0 .88i0 .03 5.2 20.5 -25.3 13
-0 .93 i0 .04 5.1 20.8 -26.9 13
-1 .47 i0 .10 7.5 19.3 -29.0 17
-1 .60i0 .07 7.5 220 -3T2 12
6.4 -1 .66i0 .04 7.0 222 -34.8 12
-1 .38i0 .06 7.1 225 -28.7 12
-1 .25 i0 .04 5.4 228 -34.2 12
-1 .46i0 .04 6.2 21.0 -34.5 12
-0 .81i0 .08 4.2 17.4 -28.4 17
-0 .84i0 .04 4.2 120 -229 13
5.1 -0 .77 i0 .07 4.9 126 -23.3 13
-0 .76i0 .08 4.7 129 -23.9 11
-0 .86 i0 .04 4.5 226 -27.7 13
-0 .71 i0 .05 3.1 128 -33.6 13
-1 .12 i0 .09 5.9 2 27 -2T5 12
-0 .85i0 .03 5.8 226 -2T4 11
3 9 -0.S9i0 .03 5.9 226 -2T8 13
-0 .94i0 .03 5.3 17.5 -26T 13
-0 .94 i 0.04 6.0 17.9 -23.0 10
-0 .96i0 .06 5.7 125 -24.9 18
-0 .92i0 .05 6.4 225 -20.3 11
-0 .81i0 .12 6.6 2 22 -17.4 10
3.2 -0 .63i0 .12 5.6 223 -16.0 9
-0 .67i0 .05 5.8 225 -16.4 10
-0 .82i0 .06 6.1 20.7 -19.2 11
-0 .94i0 .06 6.1 21.0 -2T9 11
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Table C.4: Donnan potential Ud -, protein concentration Cp, temperature T and specific
charge ç^ pg (in electronic charge units per 10  ^ Da) for BSA in solutions of various pCa.
The Donnan potential values represent single measurements.
pCa Ud (mV) Cp (m g/m l) T  ( X ) Çspe
-0.77 6.6 -17.4
-0.72 6.6 -16.2
8.7 -0.75 6.9 24.0 -16.1
-0.77 6.2 -18.4
-0.68 6.4 -15.7
-0.64 6.3 -15.0
-1.27 9.4 -20.0
-1.06 9.2 -17.1
7.9 -1.06 9.5 23.2 -16.4
-TOO 9.8 -15.2
-1.04 9.7 -16.0
-1.19 9.8 -17.9
-1.19 10.4 -16.9
-1.13 10.3 -16.1
7.1 -1.15 10.5 22.0 -16.2
-1.09 10.3 -15.7
-1.11 10.0 -124
-1.11 9.8 -128
-1.24 10.5 -17.2
-1.15 10.5 -16.0
6.4 -1.21 10.6 22.0 -126
-1.01 10.4 -14.2
-T03 10.5 -14.3
-1.14 10.4 -16.0
-T28 9.8 -129
-1.18 9.7 -17.7
5.1 -1.09 9.9 22.5 -16.0
-1.01 9.6 -122
-1.16 9.6 -17.5
-1.10 9.8 -123
-1.23 10.6 -16.7
-1.12 10.2 -128
3.9 -1.09 122 22ffi -15.5
-1.17 10.2 -125
-1.17 10.4 -122
-1.13 10.3 -15.9
-1.30 126 -14.8
-1.25 124 -14.5
3.2 -1.33 12.3 18.6 -15.5
-1.27 12.6 -14.5
-1.25 12.4 -14.4
-1.38 12.3 -16.1
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